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ENVIRONMENTAL TESTING

OPTIMIZING PRE AND POST PULSES FOR SHAKER SHOCK TESTING

R. T. Fandrich
Harris Corporation
Melbourne, Florida

The method of selecting pre and post pulses described in this paper con-
siders (1) the entire pulse must fit the required tolerances, (2) the
optimum initial conditions must exist before the test pulse starts, in-
cluding optimum velocity, displacement and acceleration, (3) the terminal
acceleration, velocity and displacement must be zero and (4) the excur-
sions of acceleration, velocity and displacement must fall within the
shaker system capability.

Inorder to simultaneously consider these four requirements, a computer
program was written to generate various shaped pre and post pulses.
These shapes were mathematically integrated to find the velocity and
displacement profiles, which could then be compared to the requirements.
Parametric variation was performed to optimize the shapes.

An example is shown using a MIL-STD 810C, 11 millisecond, 30G half sine
pulse with tolerances of ±5% on pre-pulse, ±15% on classic pulse and
+20%, -30Z on post pulse (as required by the MIL-STD). The results of
this example are compared with the results obtained by using present
"typical" pre and post pulses.

HISTORY The tolerances allow very little motion
before the impact, a degree of accuracy

Impact Shock Testing was developed to during the impact period and fractional
evaluate and demonstrate a test items ability "ringing" after impact. See Figure I
to survive a collision with something. This for MIL-STD 810C tolerances. These tol-
type shock typically is of half-sine, termi- erances tend to encourage a change in test
nal peak sawtooth or square wave acceleration item velocity.
time history, depending on the nature of the
materials involved at the collision inter- As the age of electronics progressed,
face. The shock involves a change in veloc- the concept of impact testing on a vibration
ity of the test item, caused by the impact. shaker was born. This concept allows great
In the past, this type test was performed flexibility in time history. Rather than
by simulating the collision. The test item change impact material, dial settings on a
was attached to a table which was allowed pulse generator were changed to produce the
to collide with part of the shock machine, desired shapes. Unfortunately, the signal
Various materials were placed at the col- put into a shaker system is not identical to
lision interface to obtain the desired time the acceleration it produces because of the
history. Originally, sand was used at the transfer function of the system. Various
interface. Later it was replaced by lead, methods of overcoming non-unity transfer
rubber, platic foams, pneumatic programmers functions were developed. During this
and others, all in an attempt to shape the period, a technical paper describing a
time history. Tolerances were established closed-loop iterative equalizer costing
to insure some degree of validity to the $100,000 was followed by a paper describing
tests. The tolerances were developed on a $15 OP-AIP circuit which unitized the
the basis of an actual collision, with system transfer function. Finally, the
some consideration being given to the type development of low cost computer controllers
of shock machines being used for this test. has allowed digital control of shock tests in

many laboratories.

1 I
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THE PROBLEM

Although impact shock results in achange It is advantageous to minimize these pre and
in velocity an electrodynamic shaker system is post pulses to eliminate their damage poten-
not capable of long term velocity change. tial to the test item and to meet pre and
Typically, the shaker head is constrained post test tolerances.
to a single location and can deviate from
that location by only a centimeter or so. COMMON SOLUTION
This restriction provides the remaining
challenge to impact testing. See Figure 1I Present canned programs have equal pre
for acceleration, velocity and displacement and post pulses. See Figure III for accel-
of an impact shock. In order to overcome eration, velocity and displacement of a 30G.
the requirement for a change in velocity, 11 millisecond half-sine for a typical
the test must possess a second change in canned program pulse test. Notice the pre
velocity being of equal magnitude but oppo- and post pulse acceleration is equal, the
sit direction as the required change. This positive velocity equal the negative veloc-
zeros the long term velocity change and ity and the displacement is all negative.
allows testing to be performed on a shaker. The size of the boxes around velocity and
The way in which this opposite velocity is displacement represents the shaker system
obtained is the essence of this paper. limits, that is, 254 centimeters/second

is the maximum velocity possible and 2.54
Tolerances on impact testing are ap- centimeters is the maximum double amplitude

plied to acceleration time history. In possible for the particular shaker system
order to minimize the acceleration required under consideration. Notice the displace-
to generate the opposite velocity change, ment required for this pulse is greater
long duration pulses are used. (Since veloc- than allowable for this system. The ac-
ity change is the time integral of accel- celeration magnitude of the pre-pulse is
eration, increasing the time and re- greater than the allowable tolerance. We
ducing the amplitude of a pulse will result will see later in this paper, that this
in the same velocity change.) To further shock test can be performed within tol-
reduce the amplitude two pulses are used, erance, on this system, by optimizing
one before and one after the impact shock, the pre and post pulse.
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OPTIMUM SOLUTION TOLERANCES

SThe following considerations should In order to meet the tolerances, the
be made to optimize pre and post pulses: Pre-pulse must be constrained to 5% of

S(1) Tolerances, (2) Initial conditions the pulse magnitude. If the shapes are
should be optimum, (3) Final conditions the same for pre, post and shock pulse,•'

Sshould be zero, (4) Excursions should be and the pre and post pulse magnitudes
Swithin shaker system capabilities and are equal, then the duration of the pre
S(5) Damage potential of pre and post and post pulse must be ten times the
Spulses should be minimized. Let us try to shock pulse. This would result in twenty

Sconsider the first three constraints one times the duration at one-twentieth the
Sat a time, while keeping our solutions magnitude to completely cancel the shock
S~within the bounds of the fourth and fifth 3costraints.0,H i
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Figure III

"Typical Solution"

pulse velocity. Unfortunatelly, twO having greater than 5% tolerance, has the
problems arise from this approach. First, ability to make up for the pre-pulse
for an 11 millisecond shock pulse, the pre deficiency.
and post pulses must be 110 milliseconds
long. This is too long for the shaker INITIAL CONDITIONS
system being considered, since It is limited
to testing at 5 Hertz and above and a 110 Within the contraints of the previous
millisecond half-sine pulse contains a com- paragraphs, now we must optimize the
ponent below 5 Hertz. Secondly, as is seen acceleration, velocity and displacement
in Figure III, the displacement of the pre- just prior to the shock pulse.
pulse exceeds the shaker capability. For
these reasons, it is not practical to pre- The optimum acceleration is zero
serve equal pre and post-pulses. The pre- since the shock pulse starts and ends
pulse must be designed to fit the tolerance at zero. To comply with this requirement,
and comply with shaker capabilities, leaving we will simply define any acceleration
more than 50% of the velocity to be can- before the zero crossing as pre-pulse.
celled by the post-pulse. The post pulse,% 00 I
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I I
The perfect velocity is a negative fundamental frequency was added to a 0.231

velocity representing half the shock amplitude sine at the third harmonic to
pulse velocity. We already know this is produce a maximum velocity wave of unity
impossible so the optimum velocity is magnitude. See Figure IV. This shape
the maximum negative velocity obtainable was used for the pro-pulse to obtain
within the 5 hertz and 5% amplitude con- maximum velocity in minimum time with
straint. This velocity must be obtained limited dmage potential.
without exceeding the displacement limit.

The optimum displacement must be with-
Since amplitude and duration of the in the 2.54 centimeters of shaker stroke.

pre-pulse are bounded, the only variable If we start from center and accelerate
left is shape. To obtain the maximum downward, the further we can travel; the
velocity from a pulse of limited amplitude higher the velocity. For this reason,
and magnitude, a square wave should be used. to maximize velocity, we should start
Square waves have components at all fre- at the top of the allowable stroke, not
quencies and will excite all natural fre- the center. The optimum initial con-
quencies of a test item. For this reason dition for the pre-pulse, is zero veloc-
only the first two components of the ity, maximum positive displacement. It is
square wave are used. This produces a possible to include in the pre-pulse, an
square-like wave with limited damage poten- initial portion designed to establish this
tial. A 1.155 amplitude half-sine at the condition.

00 ,FRT +'SCON
S....

rFIRST COMPON PIT",

LUL

q'SECOti COMMOIENT N,

II-

-1 25..

6. TIME (I OF TOTAL TIME) 1002

Figure IV

Square-Like wave
Max. Velocity, Pin Damqe

W %. % %



FIgure V Shws this optimized pro- 3M half-sine discussed, the 5% tolerance
pulse superimposed an the resulting would allow a magnitude of l.SG's. This
dlsplacmet. The pr*-pulse consists yields a pro-pulse fundamental frequency
of a positive pulse of 0.24 amplitude of 6.1 Hertz. well above the 5 Hertz lower
foilmd by 4 megative pulse of unit limit.
almltiti. The displacomet shows that
the first 6S% of ts pulse Is used to Note: For the 2.54 centimeter shaker
obtain the maimu positive displacement/ system, the relationship between
zero velocity cedittion. The remaining magnitude (04) and fundamental
3SS is used to obtain maximiu velocity frequency (F) is:
Just before reaching maxmm negative
displacem t. A smll amount of displace- F 2.5 Derived from the asic
met must rrmin to perform the shock equation of motion:
pulse. Uitt amplitude and duration have
been used to allow tailoring of this time Distance Acceleration x Time,/2
history to various shock pulses. For the

too

-100
V VVV .\ V . , _....q...-, .... /

9. TPIME (% OF TOTAL TIME) 100
S~Figure V

• Pro-Pulse

Acceleration and Displacement

d 6
If_



FINAL CONDITIONS remains to develop a post-pulse which will
result in zero acceleration, velocity and

Having optimized the pre-pulse and per- displacement at the end of the test. From

formed the required shock pulse, a residual Figure VI, we see the post-pulse must start

velocity and displacement will exist. A at 0.0G acceleration, 133.1 cm/sec velocity
post pulse must be designed to cancel and -0.7354 cm displacement and end at zero.

the residual velocity within the displace- It is easier to conceive of a pulse that

mint constraint, while minimizing the starts at zero and ends at the above con-

damge potential. Figure VI shows the ditions so we will consider this type

develolment of acceleration, velocity and pulse and simply reverse the time axis
displacement up to the post-pulse. The task polarity when we find a pulse which corn-

,I-

I.?

VELOCITY 254 CM/SEC MAX

T IME

a.1

0

-ACCELERATION 38. GS MAX DISPLACEMENT 2.54 CM D.A.
TIME T IME

TV-133.1 CM/SEC DISP--.7354 CM DURATION-.1746 SEC

Figure VI

Pre-Pulse and Half-Sine
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plies with our requirements. The post-pulse If a half-sine is used for the post-pulse,
tolerances will limit the amplitude of this the ratio R, is 2.0 dividied by duration.
pulse to +6 G's and -9 G's. The shape of The appropriate duration post-pulse of
the post-pulse will establish the resulting half-sine shape would be 11 milliseconds.
velocity to displacement ratio and the The magnitude required to obtain a -133.1
magnitude of the post pulse will establish cm/sec velocity is -20 G's. This is greater
the values for velocity and displacement, than the -9 Gis allowed so a different shape
For this reason, we will first find a of longer duration is required.
suitable shape, then establish its magnitudel To satisfy a large numbr of possible

The velocity/displacement ratio required requirement, a family of curves was in-
is: vestigated. This family possesses

(1) smooth displacement, velocity and
acceleration time histories, (2) high

R = -133.1 cm/sec variation of R, (3) simple and continuous
M.7354 c mathematical representation. See Figure

= -181 sec" 1  VII. The function is one complete cycle

tOO

CD KtYSIN 2frft

-10

100 TIME (% OF TOTAL TIME) 0

Figure VII
Family of Post-Pulses
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of a sine function with amplitude modulated When the exponent y is between 1 and 2,

by an exponential, represented: the ratio varies greatly; when above 2
it remains relatively constant. This

F(t) = K ty SIN 2,rft occurs because the function looks less
like a full cycle of sine and more like

The frequency (f) and the exponent (y) a pulse as y is increased and therefore,

can be varied to obtain various ratios takes on the pulse-like characteristic of

"(R). The equation represents a sine in- having a single R for a given frequency.

creasing in amplitude. In actual use, Figure VIII can be used to select can-

the time axis is reversed and the amplitude didate post-pulses. The maximum accelera-

decays. Figure VIII shows what f and y are tion of the candidate must be adjusted to

required to obtain a desired ratio R. obtain the proper velocity change. This

200.

S230 Hz

-4

'100
S~15 Hz

S10 Hz .-

" • 5 Hz

II

1 1.5 ,2 2.5 %V

Exponent (y)

U'

Figure VIII U•

R Selection Chart
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acceleration is limited by the post-pulse the shaker capability. For this particu-
tolerance so not all the candidates will lar case, the frequency must be between
suffice. If the post-pulse is limited to 12 and 14 Hertz. Figure IX shows the
-9 G's, the frequency must be 14 Hertz total wave shape using a frequency of 14
or less to obtain the desired velocity Hertz, an exponent of 1.29 and an ampli-
change. Similarily, if the frequency tude of -8.17 G's.
is too low, the displacement exceeds

VELOCITY 254 CM/SEC MAX
TIME

,Z

ACCELERATION 30. GS MA DISPLACEMENT 2.54 D.A.
TIME TIME

TV--. 8131 CM/SEC DISP- .03019 CM DURATION=.2412 SEC

Figure IX

Satisfactory Solution

Displacement Close to Limit
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GR VELOCITY 254 CM/SEC MAX
TIME

L.JU

ACCELERATION 38. GS MA DISPLACEMENT 2.54 D.A.
TIME TIME

TV-.004478 CM/SEC DISP--.89274 CM DURATION-.2459 SEC
Figure X

Optimum Solution

This shape completely satisfies the The total shock time history can be
requirements, however, the displacement expressed mathematically in four sections
for the pre-pulse is to the 2.54 cm limit, with time equal zero at the start of each
while the displacement for the post pulse section. Section I is the positive pre-
is far from the limit. The pre-pulse was pulse, Section 11 is the negative pre-pulse
made slightly smaller and the post pulse Section III is the classic pulse and
made larger to even out the displacement. Section IV is the post-pulse. The chart
Figure X shows the final shock profile. below shows these equations.

0r 0.3312 (1.155 SIN 2w(6.1 Hz)t + 0.231 SIN 2i(3X6.l Hz)t) SEGMENT I

S-1.3800 (1.155 SIN 2w(6.1 Hz)t + 0.231 SIN 2w(3X6.1 Hz)t) SEGMENT I1
ACCELERATION al

30.0 SIN 2w(500/llmsec)t SEGMENT III

-1543.0 (0.0714-t) 1 2 9 SIN 2w(14 Hz)(0.0714-t) SEGMENT IV

EQUATION FOR ACCELERATION

11



COMPARISON

The 30 G pulse can be performed on a pulse amplitude required if the pre-pulse
2.54 cm D.A. machine only because of the tolerance is not met. Complying with the
pre and post pulse optimization. If a tolerance results in a 40% increase in the
typical 101 half-sine pre and post- SRS at 25Hz, over the SRS for the classic
pulse were used, the machine would be shape, or the 10% pre-post pulse solution.
limited to a 12 G pulse so this optimi- It is not the intent of the tolerance, to
zation procedure has increased the machine Increase the pulse damage potential. For
capability by a factor of 2h. this reason, it is suggested that the pre-

pulse tolerance of MIL-STD BlOC be in-
Additionally, the tolerances of creased to *15% to allow shaker shock testing

MIL-STD 810C have been met; but at what with no increase in damage potential.
price? Figure XI shows the shock-response
spectrum (Q-lO) for the pure pulse, the Notice both shaker solutions under-
101 pre and post pulse solution, and the test at frequencies below 10 Hz. This is
optimized solution. To accommodate the t5% a disadvantage intrinsic to shaker shock
pre-pulse tolerance, most of the velocity and must be considered for testing low
compensation had to be in the post-pulse, frequency systems such as isolated
resulting in the -9 G decaying sine. This electronics or packaged equipment.
post pulse is almost three times the post-

40

~401

~30

I,

A!20
- Classic Pulse
* 10% Pre. Post-Pulse

*Optimized Solution

5 10 20 40 80 160 320
Frequency (Hz)

Figure XI

Shock-Response-Spectrum (SRS)
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CONCLUSION

This paper has shown how to optimize
pre and post-pulse shapes for shaker shock
testing and thereby:

1. Neet NIL-STD 810C tolerances
2. Maximize usable range of the shaker

system (up to 30 GIs, Ilms for a
2.54 shaker).

3. Minimize damage potential of pre
and post-pulses.

DISCUSSION

Mr. Roper. (Unholtz-Dickie): Are the
digital control people aware of your
work and has this been implemented In
their software?

Mr. Fandrich: As far as I know at this
point in time, it has not been imple-
mented in their software although, some
of the technical people in the various
companies who sell these programs have
been pushing in this direction, they are
aware of it. And in fact, after I
finished this paper I found that there
were some in-house memos in @one of
these companies that had been written to
try and get this kind of solution. And
hopefully this will help precipitate
that solution also. I have a canned
program that will do classic pulses as
well as any time history I put into
it. So I can program in an optimum pre-
in post-pulse and not use their canned
solution to the problem which Is a good
advantage.

or. 1Nam: Also I noticed your choice
of onehundred inches per second. That
seems fairly high compared to most shak-
er system velocity ratings.

Mr. Fandrich: One hundred Inches per
second is the limit on the shaker that I
was using so I think I only needed 40 or
50 inches per second to accomplish all
this. Velocity never was a problem on
this shaker system.

Mr. Rosers: 40 or 50 seems more
consistant with the performance rating
of most shaker systems. 100 inch per
second velocity capability is fairly
rare. So I am glad to see that you
stayed within 40 and 50. 1 think that's
good.

Mr. Fandrich: Yes, the velocity was no
problem.

13



SHOCK, VIBRATION AND FATIGUE IN

TRANSPORTATION INDUSTRIES

T. V. Seshadri
Principal Engineer, Systems

Fruehauf Corporation, Detroit, Michigan

Fatigue failure is the most common form of failure in transportation
industries. Design for fatigue loading, taking into account all the
variables, is complex. A durability test technique for tractor-trailers
is presented. A dynamometer is used which inputs periodic bumps to
the vehicle. Even though this technique does not simulate the road
loading in real time, it provides an overall view of the adequacy of the
design for field loads. Theoretical analysis is performed treating the
vehicle as a simple dynamical system. A brief review of fatigue design
is included.

In transportation industries, the main miles. Real time testing of actual service
cause of product failure is fatigue. The environment, if such is available, will take
dynamic loading is caused by the service an extensively long time which is not practi-
environment. This loading is, in general, cal. In some industries, accelerated fatigue
random such as the gust loading on an aircraft, testing is used either by increasing the mag-
wave motion loading on ships and loading nitude or frequency or both of the service
caused due to road undulations on road spectrum. This technique may work for some
vehicles. The analysis of fatigue for random components but will not work for an entire
loading is fairly complex as it involves ac- vehicle. Since the stresses caused in the
curate measurement of the service spectrum, tractor-trailer are a function of the frequency
sophisticated counting techniques and reason- of road undulations, increasing the frequency
ably accurate and comprehensive material may not result in the same component response.
properties data. This is further complicated Increasing the magnitude of loading will result
by the fact that the service environment will in yielding at some locations which do not r
vary from trip to trip. For example, the yield in actual service. Fatigue performance
stresses and strains on an automobile or is significantly altered by the presence of
tractor-trailer will depend on the speed, road residual stresses which occur after unloading
surface and loading. The variation of loading beyond yielding. Therefore, if the service
conditions is much more drastic in a tractor- environment is to be simulated, it is more or
trailer than an automobile. There are also less mandatory to use real time data with no
additional loading conditions such as braking, change in magnitude or frequency.
hitting a curb or dock, cornering, etc. Ac-
curate fatigue data is also not available for Durability testing at Fruehauf Corporation
moden lightweight materials such as glass is done by using a Chassis Dynamometer
reinforced plastics. Because of these draw- (Figure 1). The Chassis Dynamometer con-
backs, smaller companies resort to some form sists of a set of rolls on which the trailer
of durability testing using a constant amplitude wheels are placed. These rolls are 1.02 m
or equivalent loading for fatigue design. (40 in.) in diameter. There are four pairs of

rolls, two in front and two in rear. Rolls are
Durability testing is used for another wide enough so they can accommodate a set

reason also. Usually, the road vehicles such of dual tires. The front of the trailer is res-
as the tractor-trallers are expected to have a trained at the king pin by a device (dolly)
useful service life of ten years or a million whuch has a fifth wheel similar to the tractor.
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UNLIMITED

17.07 m (54 FT)
MAX .0m 4Ir)• 1.07 m (42 IN) MIN

. MAX 6.10 m (20 F'r) MAX

+[

L.MOTOR MOTOR

DYNAMOMETER COMPONENTS AND LIMITING DIMENSIONS

Fig. I

Different height and length of bumps can be way to estimate the required test time which
installed on the rolls. The speed of the two will adequately simulate the actual service
fiont and two rear rolls and the phase between life. The test is stopped at periodic inter-
them can be varied. The loading on the trailer vals to inspect the trailer. Usually 46 cm
it therefore, a series of periodic bumps. In (18") long, 1.27 cm (1/2") high bumps are used
most cases, the speed is adjusted until the (Figure 2). If the trailer completes the test
natural bounce frequency of the trailer is ex- successfully, it is expected to have adequate
cited. The test is run at this speed for a service life.
certain length of time. Effort is still under

1.27 em (AIn.)

4----1.02 m

(40 In.)

ROLL AND BUMP DIMENSIONS

Fig. 2
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The time history of dynamometer loading of the trailer. Since the tire is an elastic

will be periodic. The period T is made to body, the actual loading on the tires will be

correspond to the natural bounce frequency as shown in Figure 3.

J.__

TIRE ENVELOPING PROPERTIES

Fig. 3(a)

S%J

,T. -

ONE CYCLE OF LOADING ON TIRE

Fig. 3(b)
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TRAILER MODEL

A single bump can be represented mathematic-
ally by a haversine function The trailer suspension can be represented

as a two degree of freedom system, the masses
Y,(t) = W (1 - cos wc1 t) ------- (1) being the sprung and unsprung masses and the

stiffnesses being those of the spring and tires.

where, Taking one set of tires and spring, the para-

meters are as shown in Figure 4.

6= Actual bump height Thi equations of motion for such a system
(i-- 2fr/T 1 where T1 is the duration of are,

the bump.

Since the loading on the tires is a 3lx + k1 (xl - x2) 0)
periodic function, it can be expanded into k2 + k - xl) + k2x2 = k2Y
Fourier series. The function y(t) is then m 2  2 (x2

given by, Using the homogeneous equations, the
0 mode shapes can be found. The mode shape

y(t) =y+ X An cos nat + Bn sin nowt matrix for the chosen parameters is2 .......- (2)

wee[i = [1.48 -0.033I-,_. ~where, .

w = 2 /T (T is the period corresponding toJ
trailer bounce.)

The Fourier series representation of (2)
converges rapidly if the ratio T 1/T is 0.5 or
more. Since the bump width is 46 cm (18 in.),
the ratio of T1/T is .14 and several terms are
needed for proper representation of the func-
tion. But as it will be shown later, the con-
tribution of only the first term (n = 1)
adequately represented the total response.

Xi

jW ~ 6.47 x10' N (14250 1b)

k ki1.75 x 10' N/rn (10000 lb/In)

X2

S3160 N (700 1b)
u = 9.4 rps

0.575 X 10' N/rn k2 2 91.9 rps

(500 lb/In)A

TWO DEGREE OF FREEDOM TRAILER MODEL

Fig. 4
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This means, in the first mode, which is at The total response for the periodic input
1.5 Hz, the trailer body moves in phase with is obtained by adding the response to indivi-
the axle with about 50% more amplitude. The dual Fourier components. For a 1.27 cm (1/2")
second mode at 14.6 Hz is basically an axle bump, the maximum response was found to be
bounce mode because trailer body is not mov- 0.62 cm (0.25").
ing much.

Using normal mode theory, the two degrees EVALUATION OF STRESSES
of freedom system can be reduced to two single
degree of freedom systems, the analysis of The next step will be to convert this

which is simpler. The two single degrees of response into meaningful stress values. The
freedom systems and the corresponding loading life of the trailer for dynamometer loading can

are shown in Figure 5. be estimated by well known fatigue theories. ""
One of the more popular models of Fruehauf

It has to be noted that even though there is trailers is a platform trailer which is used
loading only at the tires, in the reduced extensively for carrying steel and aluminum
models, there is loading at both springs. But, coils, transformers, machinery and construc- %
as stated previously, each single degree of tion equipment. It basically consists of two

freedom represents one mode and, in the simply supported beams.
second mode, the motion of the trailer frame
is very small. Therefore, for fatigue analysis Figure 6 shows the dimensions and dy- 1%
of the trailer frame, the first mode model of namic properties of this beam. This beam can
the trailer is adequate. A damping ratio of be represented by a single degree of freedom -

0.2% is used in the analysis. system model.

X1 x, 1.48 q[ - .033 q:

x=:q + q:

X q

* mftr 14579N 25N

"1.29 x 10' N/m 2.75 x 1P N/m

EQUIVALENT S.D.O.F. SYSTEMS

Fig 5
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" IT I

5.03 x NI /rn

BEAM AND ITS FIRST MODE MODEL
Fig. 6

The equation of motion for such a beam will be from 0.72 to 1.28 times the static stress. The
number of cycles per hour can be easily found

ii + ci + ,x = k~o because the frequency of excitation and res-
Sponse is known.

The natural frequency of the beam is 0.91 FATIGUE ANALYSIS
Hz and the frequency of excitation is 1.5 Hz.
The response for a 0.62 cm (0.25") displace- Fatigue analysis for a constant amplitude
ment loading is 0.86 cm (0.34"). Knowing the loading is fairly straightforward if the material
static displacement and stress of the beam, fatigue properties are known in the form of
the dynamic loading is found to fluctuate S-N curve (Figure 7).
+0.28g. This means the stress fluctuates

log S R :0.64 '

I"g N

S-N CURVES FOR DIFFERENT 'R' RATIOS
Fig. 7
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U If test data Is not available, SAE recommends measurements are made on the mad. The
several methods to estimate this curve using strain history Is converted Into number of
results of the tensile test. cycles of different magnitudes using 1ainflow

counting. Appropriate notch factor and cumu-
But fatigue failure usuaUy occurs in a lative damage theories are used to find the

region of stress concentration such as a weld, fatigue damage. From the fatigue damage co-
bolt or rivet hole. The local stress can be efficients in the dynamometer and med tests,
obtained by multiplying the nominal stress by the number of miles corresponding to an hour
"a notch factor. Thus, the life of the trailer at of dynamometer test can be established.
"a weld detail on the dynamometer can be
estimated. Strain measurements can also be Thus, using the dynamometer as a tool,
made to correlate the theoretical analysis. the design engineer can verify whether any

particular component is overdesigned or under-
Fruehauf is currently working on finding designed. This provides a means for opti-

the equivalence of number of hours in the dyna- mizing the design resulting in reduced
mometer to actual service life. Actual strain manufacturing and warranty costs.

% ,
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DISCUSSION Mr. Seshadri: Right, the fundamental
frequency of the trailer.

Mr. Gerardi (Flight Dynamics Lab,
WPAFB): I have several questions. Did Mr. Handley (SUP SHIP San Diego): I
I understand you to say that you used a understand you are using the load of the
constant damping force to transmit the beam plus a uniformly distributed load
force from the dynamometer into the above the beam.
truck frame.

Mr. Seshadri: Right.
Mr. Seshadri: Yes, it is a constant you
use here. Mr. Handley: Have you given any con-

sideratton to the use of a concentrated
Mr. Gerardi: Were you able to compare load?
any of the forcing functions with the
actually measured value? How well did Mr. Seshadri: Not really because most
they compare? of our customers use the trailers for

hauling construction equipment where the
Mr. Seshadri: Yes, the measured values loads are uniformly distributed. To re-
in the trailer compared pretty good. do the problem using a concentrated load

would not be a difficult task. You
Mr. Gerardi: Had you ever considered would have to change the spring rate of
the non-linear characteristics of the the beam. The natural frequency would
damper or do you feel that it is just be different but you could use the same
not that important? type of analysis for a concentrated

load.
Mr. Seshadri: Well right now we don't
have any shock absorbers in the
trailers. There is really no damping
mechanism in the trailer. All there is
is friction.

Mr. Gerardi: I didn't know that. So
You are just talking basically tire
damping then.

Mr. Seshadri: Tire damping, inter-
facing, lnterlift friction in the
suspension spring and structural damping
in the beam. W"

Mr. Goerardi: I see, thank you.

Mr. Dyrdahl (Boeing Company): What did
You use for road roughness? How did you
tackle that problem? nid you establish
the hump heights?

Mr. Seshadri: Well this is a simulated
dirt road. ThIs is not an actual road.

Mr. Dyrdahl: Well. I understand that,
hut vou ought to realistic somewhat.

Mr. Seshadri: Yes, what we think is
best based on field failures and fall-
are% induced ,on the dynoometer was a
half Inch hump. This is based on a lot
of trial and error experience and we
finallv settled on a half an inch bump

S slze.

Mr. Dyrdahl: I see. You used a half an
inh homp and then you tuned it up to
rý4.,nat . the nuspensI on system.

22
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RANDOM IMPACT VIBRATION TESTOR

W. 0. Everett
Pacific Missile Test Center

Point Mugu, California

The Random Impact Vibration Testor (RIVT) is a new device that effi-
ciently stimulates realistic vibration in flight vehicles. The
stimulus is repetitive impacts by small projectiles on the surface of
the test vehicle. The nature of these impacts is random with respect
to the relative location, time interval and intensity between succes-
sive impacts. The resultant vehicle vibration resembles that of
flight with the characteristics of broad band random noise motion, in
many directions, throughout the vehicle structure.

BACKGROUND vibrate in a manner resembling flight vibra-
tion. This forced vibration will be primarily

The RIVT is based on a phenomenon that in the direction of the shaker motion, unlike
has become apparent in the study of missile omnidirectional flight vibration, and will not
flight vibration. Vibration in missiles resemble flight vibration at other points in
during high-speed flight is primarily induced the missile. Clamping the moving element
by fluctuating air pressure bearing on the (armature) of the shaker to the missile
outside surface or skin of the missile. The disturbs the natural vibration modes of the
source of the fluctuating pressure can be jet missile. This disturbing effect became more
engine exhaust, unstable aerodynamic flow, apparent as more thorough measurements of
oscillating shocks, wakes from nearby flow- flight vibration were conducted recently
distributing structures, the turbulent (reference 1). One technique to resolve the
boundary layer, or some combination of the problem is to clamp additional shakers on the
above. In spite of the possible complexity in missile at points where flight vibration is
the characteristics of the fluctuating measured and to force those points to move in
pressure, the missile random vibration a flight-like manner. This technique further
spectral and spatial characteristics are distorts the natural response modes of the
determined primarily by the mechanical missile so that other unmeasured points in the
structures. Thus, the fluctuating pressure missile vibrate in a progressively less
field can be considered the stimulating, broad realistic manner.
frequency energy source to which the missile
responds in its characteristic modes. These Acoustic Stimulation of Missile Vibration
resonant skin and internal structural modes
determine the frequencies (random noise Recently, it was shown that reverberant
spectral characteristics) and locations and acoustic facilities can recreate flight-like
directions (spatial characteristics) of the vibration in airborne stores. Typically, one
response vibration. or more stores are suspended near the center

of the acoustic chamber and random noise
Shaker Stimulation of Missile Vibration acoustic power is fed into the room creating a

diffuse acoustic pressure field sufficient to
The conventional means of reproducing vibrate the missile. This method has proven

flight-like vibration in missiles employs effective in vibration tests of several Navy
shakers. Typically, the device is an electro- missiles undergoing reliability evaluations
dynamic shaker with a random noise vibration (reference 2). It is also a requirement in
output that can be controlled by sophisticated the MIL-STD-810 vibration test for airborne
electronic servo systems. One or more of stores.
these shakers can be attached to a missile by
clamp fixtures, and the missile forced to The success of the acoustic stimulation
vibrate. With this system it is possible to in recreating flight vibrations probably is
force some monitored point in the missile to due to similarity in the "forcing function."
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In both instances the forcing function, or RIVT Design
stimulus, is a broad frequency band of
fluctuating pressure acting on the outside The initial prototype for the RIVT is
surface of the store, yet not interfering with shown in figure 1, connected to an 8 inch
the natural vibration responses that result. diameter missile motor section, to indicate the
The disadvantage of the acoustic stimulation is size and proportions of the device. In figure
the requirement for a large, expensive rever- 2, the device is shown in a cross section
berant acoustic chamber and its poor operating sketch to illustrate the functional parts. In
efficiency. this view, three of the four essential

functional elements are shown. The element not
shown is a set of projectiles, typically small

RIVT PROTOTYPE AND EVALUATION resilient rubber balls, which impart the vibra-
tion energy to the missile upon impact. The
first element shown in the sketch is the

The RIVT represents an effort to combine chamber which encloses the test section of a
some desirable features of the shaker and missile, promoting rebound of projectiles for
acoustic stimulation techniques. Like the additional impacts. The second element is a
acoustic facility it applies fluctuating motor driven impeller or slinger which restores
pressures (the contact pressure during each kinetic energy to spent projectiles within the
impact) over the outside surface of the chamber. The third element is the provision
missile. Yet, like shakers, it requires little for circulation such that the least energetic
operational space or power to effect the stimu- projectiles are returned to the slinger for
lation of missile vibration, restoration of energy.

I

Figure 1. RIVT Attached to 8" Diameter Rocket Motor Section
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Figure 2. End View of RIVT Showing Functional Elements

Chamber
error, to give an even distribution of impacts

There are some details associated with over the missile surface. The even distribu-
each of the functional elements worthy of tion, indicated in figure 3, is dependent upon
further discussion. The cross sectional shape an even distribution of trajectories starting
of the chamber incorporates an approximation of from the left focus of the elligse. To
an elliptical section. The degree and purpose achieve that distribution over the 90 sector,
of the approximation is indicated in figure 3, there is a deflector at the focus which
where the two foci positions are indicated by scatters the balls leaving tangentially from
asterisks. The elliptical surface has the the impeller. This unit has the appearance of
property of reflecting any ray leaving one a scalloped blade with the peaks or maximum
focus toward the other focus. In figure 3, a extensions positioned to dflect balls to the
range of trajectories, over a 90 sector, is lower extreme of the 90 sector and the
indicated as rays starting from the left focus. notches corresponding to a grazing angle of
It can be seen that those balls that don't incidence with the tangential path from the
directly strike the perimeter of circular impeller, which is the upper extreme of the
section of the missile, are reflected toward sector. This description and illustrations
the center of the circular section, which refer to a chamber covering one half the
corresponds to the right focus of the ellipse, surface of the missile and such an arrangement
Thus, the reflected balls trajectories are has proven successful. However, a duplicate
normal to the missile surface and there will be chamber, to cover the other half of the
maximum effect or energy exchange during missile, was added to increase the impact rate
impact. The relationship between the dimen- and the results reported in a subsequent,
sions of the elliptical chaer and the evaluation section were acquired with that
cylindrical missile was determined by trial and addition.
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Figure 3. Elliptical Aspect of Chamber Shape
with Deflector and Missile Located at Foci

Impeller been more difficult and is incomplete. The
original choice was resilient plastic balls

The impeller is a paddle wheel which with diameters between 1/2 inch to one inch in
sweeps balls, entering at the bottom, up to the sets numbering between 25 and 50. Nylon,
deflector unit with an exit velocity corres- phenolic and teflon plastics were used in the
ponding to the blade tip velocity. The tip prototype machine and the more resilient nylon
section of the blade is made of a flexible and phenolic balls performed best. In this
material which can deflect when the blade tends instance good performance meant a sustained,
to jam on entering balls. The blade diameter lively, erratic motion of the balls within the
is slightly greater than the missile radius, so chamber and infrequent returns to the impeller
that the top of its arc corresponds to the mechanism. However, when missile sections
focus which is level with the missile center- were exposed to impacts from the plastic balls
lit, and the bottom of the arc is somewhat the response vibration tended to have too much
below the missile to facilitate gravity return high frequency energy. The first attempt to
of the balls. The shaft of the paddle wheel is reduce the high frequency responses used
driven via a belt drive by a variable speed rubber sheeting over the missile skin as a
motor. In the prototype, the resultant mechanical "low pass" filter. When the thick-
impeller speed range is 200 to 1800 rpm which, ness of rubber sheeting was sufficient to
coupled with the five inch diameter impeller reduce the high frequency part of the response
blade dimension, yields a maximum projectile spectrum there was also a great reduction in
velocity of approximately 40 feet per second. the overall vibration effect. Therefore,

current efforts to control the spectrum are
Circulation oriented toward the ball material. An exten-

sion of Hertz theory of impact involving solid
The requirement of circulation is to spheres indicates that the modular of

return spent balls to the impeller with a elasticity is an important property of the
minimum of interference with the other projectile influencing the response vibration
rebounding balls within the chamber. In this spectrum of an impacted plate (reference 4).
prototype the balls that are not bouncing This is supported by experience with the RIVT
appreciably will roll to the low point in the in attempts to match flight vibration
chamber which is the inlet to the impeller, spectrums. Best results so far were achieved
thus, satisfying the circulation requirement. with a mixture of ball types, with one inch

diameter hard rubber balls to excite responses
Projectiles up to 800 Hertz and one half inch diameter

nylon balls to excite the higher frequencies.
The set of projectiles is the most The best mixture for matching flight data at

important functional element of the machine and the front section of one missile contained 40
has been the most difficult to perfect. The rubber balls and eight nylon balls. Further
choice of a spherical shape seemed appropriate aft on the same missile the best proportion
to assure that spent projectiles could roll became 40 rubber and 18 nylon balls to create
back to the impeller. The proper choice of more high frequency responses that were
size, number and material for those spheres has measured in flight.
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RIVT Evaluation was applied to the forward 30 inch length of
the seeker section (immediately aft of the

Current efforts to develop the prototype radome) for one experiment and to the center
machine have concentrated on the ball material, 30 inch length of the missile, including the
as it affects response vibration. It has been control section, for a second experiment. The
possible to use the machine with three best results for each of these experiments is
different Navy missile types for which there shown in figure 4. This figure shows the
were flight vibration measurements. In each results of the experiments with both sections
instance it was the actual flight test vehicle in terms of power spectral density (PSD) plots
that was then exposed to the RIVT enabling a for both flight and RIVT stimulated vibration.
direct comparison with the measured flight The small scale and size of the plots provides
vibration, for an overview of the characteristics of the

several vibration responses in the missile. A
detailed review of each of the individual

Spatial and Spectral Comparisons comparisons can detect differences greater
than would normally be tolerated in a single

The majority of experimentation has been axis vibration test. The overview shows that
done with a Navy air-to-air missile as the test the RIVT vibration is similar to flight in
vehicle. This missile is 8 inches in diameter terms of spectrum shape, and of perhaps
and approximately 12 feet long. However, greater significance, both occur simulta-
interest in the missile vibration is typically neously in the two axes of measurement. This
limited to the electronics sections, which for matching of the multi-axis character of flight
this missile are the seeker section at the vibration allows the internal electronic
front and the control section near the center components to respond similarly, thus improv-
of the missile. Therefore, the RIVT stimulus ing test realism.

FT %"-VA %

Fanm. aW no. a. Fl, OCDs. •,
Missile Front, Lateral Direction Mlissile Center, Lateral Direction,-'Flight Data 0 o 90 rmr Flight Data 2.qq row•,IV, Da.ta o0 A RIVT Data

"" i -"" - v. :•

1 .. . ..-- - 4.-• - - . .%

Missile Front, LVertial Direction Hlissile Center, LVertial Direction

Flight Data 0.67 g r-ms Flight Data 3.4 q r-ms ,
RIVT Data 0.63 g r-ms RIVT Data "3.4 g r-ms

Figure 4. Comparison of ; "H;ots, with 256 degrees of •;'
freedom, in units of y ,fiz vs. Hz, for vibration '"

in eight inch diameter missile ,-.

277

:1 1 *,*,- AS-'r*,',- -/ - ,:'-, , "



Random Characteristics of one of the accelerometer signals from the I
missile, with the top trace corresponding to

Although spatial and spectral character- flight data and the bottom trace from RIVT
istics are the conventional way of looking at stimulation. In each instance the amplitude
random noise vibration, the RIVT mechanism of the function approaches zero with
invites further analysis. The major concern is increasing time delay in a fashion character-
the degree of randomness in the missile vibra- istic of band-limited white noise (reference
tion in response to the discrete impacts. The 3). There is also a tendency for the impacts
nature of the impacts tends to be random, to even out over the exposed missile surface
particularly with increasing numbers of balls as evidenced in figure 6, which is the pattern0W%
in the chamber. The previous description of of impacts recorded on a carbon backed sheet
the design, described how the chamber geometry of paper placed on the impacted surface of the U
and a deflector unit tended to evenly missile. Because all the balls were the same
distribute the impacts of balls leaving the size and material, the variation in dot size
impeller. As the number of active balls in the in the patten is an indication of the varia-
chamber grows large, most impacts will come tion in impact intensity as evidenced by the
from balls that have rebounded several times degree of ball deformation causing carbon
since leaving the impeller and there is an transfer. A better measure of the apparently "
inherent randomness associated with such a random variation in impact intensity and
phenomenon. This random characteristic can be period shows in the acceleration versus time
seen in figure 5, the autocorrelation function records in figure 7 of the vibration sensed in
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Bottom Plot of RIVT Data)
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a five inch diameter missile, where the of discrete impacts decreases as the vibration
individual traces correspond to bulkhead and energy progresses into the missile electronics
internal electronic module responses. In equipment.
figure 7 it can be seen also that the evidence

Bulkhead Vertical

Servo Transverse JN-,•

Seeker A-p0.yJ ALongitudinal

Figure 7. 1 Second Sample of Acceleration versus Time at
Bulkhead and Electronic Modules
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DISCUSSION

Mr. Sazama (Naval Surface Weapons
Center): Is this the first machine of
this type that you have built?

Mr. Everett: Yes, it is.

Mr. Sazama: And do you have to replace
the balls after awhile?

Mr. Everett: Not yet, because we really
haven't put a lot of hours on the balls,
in fact, part of the process so far has -

been determining what kind of ball
materials excite the right kind of

frequencies in the missiles and my first
guess was bad. At first I had a lot of
relatively hard plastic balls and they
brought out too much high frequency.
I'm now investigating the merits of
using softer more rubber like balls.

Mr. Werback (Naval Weapons Center):
Doug, how do you account for the
relatively high level of longitudinal
response that you got versus transverse
response?

Mr. Everett: It was a resonant response
on a module within the missile. It

amplified at a certain band of frequen-
cies and the response just happened to
be in the longitudinal direction.
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PARAMETERS FOR DESIGN OF REVERBERANT ACOUSTIC
CHAMBERS FOR TESTING AIR-CARRIED MISSILES

T. W. ELLIOTT
PACMISTESTCEN

POINT NUGU, CALIFORNIA

Rectangular box-shaped reverberant acoustic chambers were theoretically
analyzed, using a normal-mode model, for the purpose of optimal design for
simulating captive flight vibration of air-carried missiles. A mathe-
matical derivation relating chamber volume to minimum usable frequency was
derived. It was determined that minimum usable frequency varied inversely
as the square root of the volume ratios. A computer program was generated
to investigate the important parameters for design of these chambers. It
was found that, apart from some general rules-of-thumb to avoid in acoustic
chamber design, there was no over-riding reason to select one configuration
over another.

INTRODUCTION V2 1 - 1 -20

Reverberant acoustic chambers have been
extensively analyzed in the literature, par- where E = velocity potential
ticularly the rectangular box-shaped chamber.
As new applications for acoustic chambers Analytical solutions to the equation are pos-
occur the analysis is extended to investigate sible for simple geometric figures such as
optimum criteria for the new application, rectangular rooms, sphere, cylinder, etc. The

most easily solvable geometric figure is theThe Pacific Missile Test Center (PACMIS- rectangular box. For this reason, and for the
TESTCEN) has been using rectangular box-shaped fact it is also the most easily constructed,
reverberant acoustic chambers for several the rectangular room reverberant acoustic
years to simulate the vibration response of an chamber has been extensively studied.
air-carried guided missile during captive
flight. The frequency solution to this equation

for the rectangular room, assuming totally
This paper extends the general analysis reflecting walls, is:of these chambers to the application of simu-

lation of vibration response of air-carried N 2 N 2 N 2
guided missiles. In particular, a criteria f=c X + + (2)
for minimum usable frequency of a chamber is Ly z-2)
defined and justified. The relationship yt
between this minimum frequency and chamber where c = speed of sound
volume is derived and the criteria is used to f = frequency 4,
compare several ponfigurations to determine Lx Ly, Lz = room dimensions in the
the optimum configuration for testing of x, y, z directions.
air-carried guided missiles. Nx, N, Nz = integer numbers corre-Y sponding to the eigen-BACKGROUND value solution of the

equation.
A reverberant acoustic chamber may be

defined as an enclosure with rigid reflecting Examination of equation (2) reveals that the
walls excited by an acoustic power source. spacing between frequencies decreases as
Sound power emanating into the enclosure is frequency increases. Thus, it is generally
reflected by the walls resulting in a rever- accepted that the reverberant sound field is
berant sound field. The waves of the sound diffuse at high frequencies, where the mode
field are known to obey the three-dimensional density is high, when driven by a source
wave equation capable of exciting these modes, and is not
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diffuse at low frequencies, where mode density There are currently five reverberant
is low. Also, when the mode density becomes acoustic chambers operating at the PACHISTEST-
high it, for most cases, becomes random CEN (two more are partially completed chambers
(reference 1). and should be operable by the time this paper

is published). The first, and smallest, is a
The concept of a diffuse sound field pentagonal cross-section shaped cylindricalh chamber of 350 ft 3 . Simulation results from

assumes that the sound field consists of equal this chamber led to construction of a larger
amplitude plane waves traveling with equal rectangular box shaped chamber of 1993 fts and
probability in all directions as a result of relangta bos c e 1993 Thinside length ratios of 1.00/0.79/0.63. This Vh
multiple reflections off the boundaries of the volume was selected because it was the largest
chamber. At high frequencies, where modal chamber of this set of side length ratios that
density is high, a random source excites many would fit within a room selected as a housing
chamber resonances, each of which exhibits a for the chamber. Three more duplicates of this
preferred direction of propagation. As more chamber were constructed. Two more chambers
modes are excited, the number of directions of ft3wave prop gati n in rea es u til he s undwere constructed of 2900 f in the sawe shape•
wave propagation increases until the sound and side length ratios as the 1993 ft3 cham-
field exhibits characteristics which are bers. Again the volume was selected for
statistical in nature (random). The sound reasons of convenience and the side length
field is then said to be diffuse which assumes ratios were maintained because satisfactory V
uniform distribution of energy density and simulation results were obtained from the
equal intensity in all directions at all smaller chambers.
points. The transition point has never been s c
clearly defined, however, the sound field is Early test results showed that when simu-
generally accepted to be diffuse at high lation required energy at low frequencies it
frequencies, where nodal density is high, and was necessary to augment the acoustic chamber
is not diffuse at low frequencies, where modal with a mechanical shaker and cross over excita-

tion control at some frequency where the

Thus, the concept of a diffuse, and acoustic field became ufficiently broadband
random, sound field assumes: and diffuse. As chamber size increases thiscross-over point decreases. However, a precise

theory relating this cross-over point to
a. High modal density - the fre- chamber size was not known and this point was

quency field should include many resonances. determined empirically after selection of a
size and completion of construction.

b. Smooth frequency distribution -
the frequency field should not concentrate
energy in certain bands or leave gaps. RELATIONSHIP BETWEEN MINIMUM USABLE FREQUENCY

AND CHAMBER VOLUME

c. Homogeneity - the field shouldnot be dependent upon spatial location. Two different theories relating minimum

usable frequency to chamber volume have been
The Production Acceptance Test and published. Each of these were developed from

Evaluation Division of the U.S. Navy at PAC- different assumptions of what constituted
MISTESTCEN has been using reverberant acoustic minimum usable frequency and each resulted in
chambers for several years to subject Navy different relationships to volume.
air-launched missiles to acoustically induced
vibration for the purpose of simulating the Schroeder, in 1964 (reference 2), required
missile vibration response that occurs during that "the average spacing of the resonance
in-service captive flight. The chamber frequencies be smaller than one-third of their
requirements for simulation of this environ- 3 dB down bandwidth", or "the normal or eigen
ment are: modes of an enclosure overlap each other in a

ratio of 3:1." Based on this requirement he
a. Isotropy - the energy must flow defines the lowest frequency, fc' as

in all directions simultaneously.
T 60

b. Similarity - vibration fc = 2000 for fc > 300 Hz (3)
responses similar to that which occurs in a
guided missile during captive-flight.

where T., is the reverberation time of theWhen compared to vibration simulation enclosurivand V is the volume. Therefore, if
results using mechanical shaker systems, the T is constant, f varies inversely as the
reverberant acoustic chambers fulfill the sMare root of the $olume. If T varies, or
above requirements sufficiently well that they is unknown, this relationship % not very
have become the preferred vibration excitation useful for design of a new enclosure.
technique at the PACMISTESTCEN when simulation
at all points in all directions simultaneously Sepmeyer, in 1965 (reference 3), proposed * J
is desired, and the In-service source excita- formulas "for determining the lowest frequency
tion is primarily aeroacoustic in nature, for which a given room meets the criterion for
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number of modes in the lowest usable band."
His proposals are:

For a 1-octave band containing 20 modes

Sfo = 1150/V 1/3 (4)

For a 1/2-octave band containing 12 modes N

- 15/V1 3  (-)

fo = 1280/V1/ 3  (5)

For a 1/3-octave band containing 9 modes

f = 1350/V1/ 3  (6)

Thus, the lowest frequency varies inversely as FIGURE 1. Generalized Solution to Equation 8
the cube root of the volume. These relation- for Number of Eigentones (N) Below
ships, however, do not appear to satisfy the Any Frequency (f)
broadband requirement, particularly if f0 is
high.

Examination of figure 1 reveals the lack
This paper analyzes the same question of continuum, or broadbandedness, at low fre-

from the requirements of testing air-carried quencies. Thus at low frequencies the acoustic
missiles and uses empirical data gathered from chamber will not provide broadband diffuse
experience in this type of testing. excitation necessary for testing of missiles.

Above some minimum frequency the acoustic
APPROACH chamber is satisfactory.

Equation (2) generates all the fre- The determination of this minimum fre-
quencies that are compatible with a chamber of quency is of prime concern. When an acoustic
given dimensions by letting the mode numbers, chamber requires the augmentation of a mechan-
N vary from zero to infinity. By truncating ical shaker for testing of missiles, this
tAe set of mode numbers at some dependent set minimum frequency is the theoretical cross-over
such that point between shaker and chamber control of

vibration response. In the PACNISTESTCEN

N 2 N 2 N 2 chambers, this cross-over was determined
F + + < constant (7) empirically such that missile vibration

Iy z response closely reproduced vibration measured
in captive flight.

equation (2) generates all the compatible One of the purposes of this investigation
frequencies below some upper frequency limit, is to find a definition of the minimum usable
The solution of this problem for the number of frequency which has a theoretical basis, satis- r

compatible frequencies, or eigentones, below fies the criteria for testing of missiles, and
an upper limit has been extensively analyzed. agrees with experience. For the purposes of
Maa, in 1939 (reference 4) presented the fol- this investigation, after examining the charac-
lowing approximation for the number of eigen- teristics of the acoustic field predicted by
tones below a given frequency. equation (3) and comparing to missile testing

requirements, the following definition and
criteria is proposed:

N=4nVf3  3Sc +31c
2 (8

"The minimum usable frequency is
that frequency which is the lower

Where N = no. of eigentones below f band edge of the lowest 1/3 octave
f = limiting frequency bandwidth which will contain eigen-
V = chamber volume tones in- at least 2/3 of the 1 Hz * 4i
c speed of sound bandwidth windows centered on the
S = surface area of chamber integer frequencies."
L =Lx + Ly + Lz

In other words, if the frequency solutions
The generalized solution for equation (8) to equation (2) are rounded to the nearest

is shown in figure 1. integer frequency they will include at least
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2/3 of the integers in the lowest usable 1/3 of a constant 1 Hz wide gap as undesirable,
octave band. independent of chamber volume.

Most of the empirical data collected on %
the PACNISTESTCEN acoustic chambers has been Initially, it might appear that the solu-

on a design of 1993 ft3 with side length tion to this problem is trivial and of the form

ratios of 1/0.79/0.63 which yields side proposed by Sepueyer: i.e.,
lengths of 15.88 ft, 12.55 ft, 10.00 ft.
There are three of these chambers. Initial a 1
testing with these chambers to determine MV 1/3

optimum techniques for testing air-carried
missiles proved that the addition of shakers This, however, describes the value of tne

was necessary to obtain vibrations down to 20 frequency for a consistent set of modal index
Hz and that a cross-over point between the two numbers when chamber volume varies and the side

excitation techniques was about 150 Hz. Thus length ratios are held constant. This can be
vibrations from 20 Hz to 150 Hz were provided shown most simply by considering a cube, where

primarily from the shakers and the vibrations .

above 150 Hz were provided by the acoustics. Lx = Ly L z
The criteria above was empirically derived then
from a solution to equation (2) for this
design with the desired constraints of using (N )• + (N )2 + (N )2

common vibration terms for simplification. f = c SL z

Solving for the eigentones (equation (2)) of x x
this chamber yields a theoretical minimum
frequency, or cross-over point, of 167 Hz. and, letting
This is considered to be good agreement when
one takes into the account the techniques of (N )2 + (Ny) (Nz)2 = 2 M

2

mechanical shaker vibration control. x y z

and recognizing that
The definition of minimum usable fre-

quency above specifies a minimum acceptable V = L 3

deviation from a vibration spectrum continuum then
but does not put any criteria on diffusivity.
Solving equation (2) for this chamber for all c V
the modes that yield eigentones in the 1/3 f = 2 J73 (9)
octave above 167 Hz yields the following
statistics for the two-thirds of the 1 Hz
windows which can contain energy: or

a. Fifty percent of the 1 Hz f = cn 1/3
windows couple obliquely - energy will be 20)1 / 3  (10)
supported in all three axes.

b. Forty-five percent of the 1 Hz Therefore, between two chambers of different
windows couple tangentially - energy will be volum and constant side length ratios, the
supported in two axes. value of frequency for constant modal index

numbers is so defined. Taking the lower and
c. Five percent of the 1 Hz win- upper frequencies of a 1/3 octave bandwidth

dows couple axially - energy will be supported this relationship will define the equivalent
in only one axis. frequencies and 1/3 octave bandwidth for the

new chamber. However, the number of
Since the theoretical minimum frequency is in frequencies within this 1/3 octave will remain
good agreement with experiment the above is constant and, therefore, the modal density will
considered sufficiently diffuse. change. It seems reasonable that the lowest

usable frequency of the new chaer could be
Thus the proposed criteria appears valid lower than predicted by this relationship if

enough upon which to base a more detailed the chamber is larger and, thus, the modal
analysis. density in this equivalent 1/3 octave is

greater.

MATHEMATICAL DERIVATION If a challer is of a shape such that the
modal distribution curve is closely approxi-

This analysis is concerned with deter- mated by the smooth curve of figure 1. the
mining a mathematical relationship between modal density, where modal density is defined
chamber volume, for a given configuration, and as,
the minimum usable frequency as defined above. i
The mathematical derivation of this relation- Nu (11)
ship is rendered non-trivial by the limitation & d,
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WhereB = bandidth of 1/3 octave N -0 1024m V1 V 27S c
= number of sigentones below ( c a 11 2

upper limit of 1/3 octave 1 1
Nt = number of elgmntones below

lower limit of 1/3 octave

24 1 C2

scales in a simple way with chamber volume (12)
when relative dimensions are held constant. 1
The criteria requires that, over the lowest
usable 1/3 octave, the density of gaps. or
voids, in one chamber is equal to that in
another ch• er with a different volume but By similarity, for chamber 2,
the sm dimensional ratios. This relation-
ship will be approximately satisfied by equal
modal density of the etgonfrequencies in the
lowest usable 1/3 octave. Thus for two N - 2t 1024m V 27S 1
chambers of different volumes having the saw ( u2 27c
modal density over bands B1 and B2 respec- 5 )2 + 244 V2 it2
tively.

I N - tN N - 24L2 cz( T ) = -( ) (12) •2412 vCle• (17)

1 2 
E 2 2

The value of the various N's is given by
equation (8) and the bandwidth B is given by From (12)

u ut = /4 (13) 1024m V 1 fl {+ 27SIc + 24L11 l =

Solving for cheambr I from equation (8)

N V1 f1 1
3  3SC I c +3 3L 1 c2 (18)N • V1 2(•1+" (14)

an, ks 16V 1 1 0 4
j a

2 f 2 7S 2
f 12 4L 2

042 c24L C
22 12 2 f2

a nd, since TTCrT&V2T'2 ZF27 1

5 f 
%~

f ul4 L or

*V fw• V~1 f11 -

14n V125fi13 3S c= 1 ti1 7 S2 c 24 L 2 c

"ul 1 20 V2 f 2

2U 12f7

6 L1 C2 21 fc (19)

25nV (1V) 27 Slc 24 L 1

I€244 V1 fl 244#v V1 f-f
1 ti 14 11

From (13)

This indicates that the minimum usableComining (13), (14). and (15) into the fors fr'equency ratio varies as the square root of

of (12) the volume ratio multiplied by the bracketed
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term. It will be shown below by numerical decimal places, the linear regression coeffi-
analysis for several volume ratios, holding cients varied from 0.9642 to 0.9997. The value
the shape constant, that only a small error is of b, which is a correction to the value of
introduced in the calculation of the minima frequency, varied from 6.4039 to -22.6441.
usable frequency by neglecting the bracketed This is considered sufficient support for
term of (19). If, for simplification pur- the validity of equation (20).
poses, this tern may be neglected,

INVESTIGATION OF OPTIMUM CHAMBER SHAPE
f•V V2  L Lz

-fo (y- for = constant (20) Other investigations have been performed
2 x x to define best shapes of rectangular box-shaped

"acoustic chambers. These were typically per-
formed to determine best shape for general

The relationship for minimm usable usage rather than for a specific application.
frequency for testing of air-carried guided The most comprehensive of these is the work
missiles follows the sa form as proposed by conducted by Sepmeyer (reference 3). Sepmeyer
Schroeder (reference 2). Equation (20) then studied the modal frequency distribution and
provides a good first approximation to chamber angular distribution with a digital computer,
volume requirements for a desired minima developed merit criteria and rated various
usable frequency when scaling from one chamber configurations relative to each other. His
to a second of the sia side-length ratios. merit criteria defined, for each configuration,Any real now chamber design must be supported an average and rms value for, (1) modal spacing

by a complete solution to equation (3). irregularity, and (2) angularity of the modes.
Angularity was defined as the actual number of
modes with direction cosines within a solid

COMPUTER INVESTIGATION angle compared to the expected number of modes.
Based on this investigation Sepmeyer recoi-

To determine how closely equation (20) mends, as best shapes, rectangular box-shaped
can predict minima usable frequency a con- chambers with side length ratios of: (1)
puter analysis was performed. The procedure 1.00/0.83/0.65, (2) 1.00/0.82/0.72, and (3)
was as follows: 1.00/0.69/0.43. He also discussed a chamber

with side length ratios of 1.00/0.79/0.63 as
a. Sets of side length ratios were giving good results but comments on its high

initialized and allowed to vary as follows: sensitivity to small variations In dimension-
ality. It was this last set of side length

Lx = 1.0 ratios PACMISTESTCEN selected for the above
Ly/Ix =0.51 to 0.96 at 0.05 increments chambers for reasons of convenience.

Lz/Lx = Ly/Lx to 0.96 at 0.05 increments COMPUTER INVESTIGATION

b. For each set of side length A computer program was generated to inves-
ratios the volume was doubled from 100 ft 3 to tigate the important parameters of rectangular

128,000 ft 3 . (i.e., 1000, 2000, 4000, 8000, box-shaped reverberant acoustic chambers for
1r tside length ratios from 1.00/0.50/0.50 to i,: tc).1.00/1.00/1.00 in increments of 0.01 in the Y f

"C. For each volume and set of side and Z dimensions. This program used a constant
.length ratios the minimum usable frequency was volume of 1993 ft 3 for comparison to one of the
determined using the first definition. acoustic chambers at PACMISTESTCEN. The pro-

gram first calculated the lengths of each side

d. For each set of side length for the particular set of side length ratios

ratios the calculated minim usable fre- and then calculated all the frequencies

quencies and volumes were fitted to a linear generated by equation (2). For ease of deter-
curve of the form mination of which 1 Hz bandwidth each frequency

belonged, each calculated frequency was rounded
to the nearest integer frequency. The number

f of calculated frequencies for each integer
f + -- + b (22) frequency from 0 to 350 Hz was then calculated

and analyzed to determine the minima usable
frequency and the ras value of the frequency,• count.

and the linear regression coefficient was

determined. The minima usable frequency was deter-
mined from the previous definition. Starting at
1 Hz each integer frequency value was checked

This amounted to 55 separate linear to determine whether any calculated frequency
regression coefficients being determined for value occurred for that frequency. If no
as many sets of side length ratios. To four calculated frequency had occurred the next P
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integer frequency was checked. If one or more RESULTS AND DISCUSSION
calculated frequencies occurred at the fre-
quency (f0 ), the 1/3 octave bandwidth upper The lists, ordered from lowest to highest
level was calculated (5 f /4) and rounded
upward to the next integer ýrequency (if not by minimum usable frequency and by rms, were

an integer itself). The 1/3 octave bandwidth compared for the top 30 in each list and the
was checked at each frequency to determine top 100 in each list. Only one configuration
whether calculated frequencies had occurred at (1.00/0.69/0.98) ranked in the top 30 on both

2/3 or more (5 f /16 or more) of the 1/3 lists. This configuration ranked in the top 10

octave. If calculated frequencies occurred at for minimum usable frequency and the top 20 for

2/3 or more of the 1/3 octave, the lower band rms. Except for this configuration, the lack
of correlation between these two listsedge, f0 , was called the minimum usable fre- indicates the difficulty in selecting a pre-

quency. If not, the process was repeated irdiconigrt ion. Cmason o the topuntil a minimum usable frequency was found. farted configuration. Comparison of the top •
100 for both lists revealed a total of 21

configurations that appeared on both lists.

The rus value of the frequency count was Table 1 lists these 21 configurations, the

determined by counting the number of times a minimum usable frequency, the rms value, and

calculated frequency (rounded off) equaled an their rank on each list.

integer frequency and then calculating the rms
value of these counts for all frequencies from
the previously determined minimum usable TABLE 1
frequency up to 350 Hz. It is assumed that TBE
the rms value provides a measure of the %
smoothness of the frequency energy field in an %
acoustic chamber. In other words a chamber MF rms
that has its energy spread out over the fre- Ly/Lx Lz/Lx MF rms Rank Rank
quencies would have a smoother frequency
energy field than a chamber that concentrated
its energy in a few number of frequencies. 0.68 0.71 146 1.1906 1 97
The lower the rms value, the smoother and more 0. 11 1
desirable a particular chamber configuration 0.69 0.98 156 1.1413 9 17
appears. 0.74 0.90 157 1.1705 15 48

0.91 0.98 157 1.1706 16 49
Then, the computer was programed to do 0.90 0.98 158 1.1774 20 63two sorts to provide a list of all chamber

configurations, ordered from lowest to 0.55 0.62 159 1.1571 32 31
highest, by (1) minimum usable frequency, and 016
(2) rms value. From these lists, the pre- 0.64 0.91 160 1.1682 36 44

ferred chamber configurations could be deter- 0.59 0.92 161 1.1338 39 11 Ve
mined by selecting those that appear in the
early parts of both lists. 0.63 0.70 163 1.1293 54 7

0.59 0.93 163 1.1797 55 68
One final computer program was generated 0.85 0.93 163 1.1842 56 81

to investigate dimensional sensitivity. 0.68 0.98 165 1.1531 72 25

Reference 3 recommended a minimum variance of 0
0.01 in side length ratio for analysis 0.64 0.93 165 1.1803 73 71

purposes as this was equal to one percent and 0.55 0.91 165 1.1839 74 79
represents the best tolerance of building
trades for this kind of construction (concrete 0.66 0.92 166 1.1632 86 37

walls). This may be true, however, for the 0.76 0.91 166 1.1648 87 39
chamber size used in this analysis it repre- ,.
sents a deviation of 1.8 inches. If, with 0.63 0.69 166 1.1913 88 100
detailed attention to dimensions during con- 0.52 0.82 167 1.1787 94 65
struction, that tolerance can be reduced, what 0
tolerance is necessary to assure achieving 0.68 0.72 168 1.1463 99 19

desired chamber characteristics? One par- 0.72 0.76 168 1.1511 100 22
ticular configuration was selected, which was
the "best" from the analysis above, the side
length ratios of this configuration were
allowed to vary ±0.01 in increments of 0.001. The minimum usable frequency for all
The minimum usable frequency and the rms value configurations was plotted, from lowest to
were determined for each of these "new" con- highest, against run number in the sorted list.
figurations to investigate dimensional This is shown in figure 2. The lowest usable
sensitivity, frequency ranged from 146 Hz to 278 Hz.
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Several strong correlations can be
determined from comparison of figures 2 and 3.
The shapes of the two curves are nearly
identical. The first reflection point occurs
around 50-100 runs. The second reflection

- point occurs around 1050 runs. In-between
these two reflection points the plot may be
represented by a straight line. The minimu

W - usable frequency over the center portion ranges
from 168 to 207. The rms value over the center
portion ranges from 1.19 to 1.49.

"me - A final correlation can be obtained from
an examination of the individual configurations

4 mfrom each sorted list that are beyond the
second reflection point. This data represented
230 runs on each test. As opposed to the first
30 or the first 100 there were many configura-
tions that were common to both lists. An
examination of all these configurations
revealed some commonalities in patterns of

"a -these configurations which might be expected.
These comeonalities are:

____1. Two sides equal.

RusW 2. One side a low multiple, 1:2, 2:3,
* FIGURE 2. Sorted List of Minimum 3:4, 3:5 of the other.

Usable Frequency (MF) for All Runs
Of the last 230 runs, 155 were defined by these "4
comonalities. Thus, while it is difficult to

The rms value for all configurations was select preferred configurations, it is possible
plotted, from lowest to highest, against run to define rules-of-thumb for configurations to
number in the sorted list. This is shown in be avoided.
figure 3. The rms value ranged from 1.0799 to
2.2695. For the final analysis the "best" config-

uration, 1.00/0.69/0.98, was selected and the Y
and Z ratios were allowed to vary from 0.680-
0.700 and 0.970 to 0.990 respectively in incre-
ments of 0.001. This analysis showed that even
dimensional changes of 0.001 in side length
ratios gave significant changes io results.
Table 2 gives the pertinent characteristics of
the range of side length ratios used in this
analysis which may be used for comparison.

TABLE 2

CHARACTERISTICS FOR RANGE OF
DIMENSIONAL SENSITIVITY ANALYSIS

Lv/Lx Lz/Lx Lx. ft LY" ft Lx. ft M.F. rms

ms 0.680 0.970 14.46 9.83 14.02 192 1.2526
0.680 0.980 14.41 9.80 14.12 165 1.1531
0.680 0.990 14.36 9.76 14.22 191 1.2065
0.690 0.970 14.39 9.93 13.96 165 1.1884

'S 0.690 0.980 14.34 9.89 14.05 156 1. 1413
0.690 0.990 14.29 9.86 14.15 188 1.2292
0.700 0.970 14.32 10.02 13.89 192 1.2924
0.704 0.980 14.27 9.99 13.98 189 1.2411
0.700 0.990 14.22 9.95 14.08 194 1.3833

This analysis looked at a total of 441
Runs configurations within the range of table 2.

For these configurations the minimum usable
FIGURE 3. Sorted List of RMS for frequency varied from 153 to 218 and the rms

All Runs value ranged from 1.0804 to 1.4762.
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Table 3 shows the pertinent character- CONCLUSIONS

istics for some of these configurations. The
first half of this table shows the effect of A good criteria for determining the lowest
varying L /L +0.005 around 0.980 in incre- usable frequency of a reverberant rectangular
ments of .01i- with L/L held constant at box-shaped acoustic chamber for testing of
0.690. The second half ofthe table shows the air-carried guided missiles is:
effect of varying L/LY +0.005 around 0.690 in
increments of 0.0 ti L A held constant "The minimum usable frequency is that
at 0.980. Of these 21 conigdeations only 11 frequency which is the lower band
would rank in the top 100 of minimum usable edge of the lowest 1/3 octave band-
frequency and only nine would rank in the top width which will contain eigentones

4' 100 for rms value. It can be seen that there in at least 2/3 of the 1 Hz bandwidth
is no smooth pattern to the results and values windows centered on the integer
show discrete jumps. The variance in actual frequencies."
dimensions, from configuration to configura-
tion, is less than 1/8 inch which is below the Using the above definition, the minimum
normal tolerance for flatness of a concrete usable frequency varies as the inverse square
wall of the area used in this analysis. Thus root of the volume ratio, as follows:
a concrete acoustic chamber cannot be con-
structed to obtain characteristics derived F V2
from an analysis where side length ratios are 1 2u-
held to +0.001. 12

TABLE 3 Although it is possible to define best

PARTIAL RESULTS OF DIMENSIONAL shapes for rectangular box-shaped reverberant

SENSITIVITY ANALYSIS acoustic chambers for simulation of captive
flight vibration of air-carried guided missiles

Ly/Lx Lz/Lx Lx. ft L¥, ft Lz. ft M.F. rms the dimensional sensitivity of these chambers
is such that construction tolerances probably

0.690 0.975 14.36 9.91 14.00 189 1.2862 blur the advantage of one configuration over ,
0.690 0.976 14.36 9.91 14.01 168 1.3025 another. As long as some simple rules-of-thumb
0.690 0.977 14.35 9.90 14.02 156 1.2199 in design criteria are avoided there is

0.690 0.978 14.35 9.90 14.03 153 1.2371 probably no over-riding technical reason for
0.690 0.979 14.34 9.90 14.04 153 1.1477 selecting one configuration over another. The
0.690 0.980 14.34 9.89 14.05 156 1.1413 rules-of-thumb to avoid are:
0.690 0.981 14.33 9.89 14.06 195 1.1608
0.690 0.982 14.33 9.89 14.07 158 1.1276 1. No two walls the sae length.
0.690 0.983 14.32 9.88 14.08 158 1.1460
0.690 0.984 14.32 9.88 14.09 156 115 2. No two walls in low multiples of each

0.690 0.985 14.31 9.88 14.10 159 1.1528 other, i.e., 1:2, 2:3, 3:4, 3:5, etc.

0.685 0.980 14.37 9.85 14.08 190 1.3265
S0.686 0.980 14.37 9.85 14.08 163 1.2420

% 0.687 0.980 14.36 9.86 14.07 186 1.2138 REFERENCES
00.688 0.980 14.35 9.87 14.06 158 1.16394' 0.689 0.980 14.34 9.88 14.06 158 1. 1818

0.690 0.980 14.34 9.89 14.05 156 1.1413 1. Ochs, John Baptist, "An Investigation of
"0.691 0.980 14.33 9.90 14.04 193 1.2151 the Low Frequency Sound Field of a Reverberant
0.692 0.980 14.32 9.91 14.04 193 1.3245 Enclosure and the Effects of Digital Electronic
0.693 0.980 14.32 9.92 14.03 193 1.3856 Feedback," TM-79-192, Pennsylvania State
0.694 0.980 14.31 9.93 14.02 190 1.2923 College, of 17 Oct 1979.
0.695 0.980 14.30 9.94 14.02 168 1.2058 2. Schroeder, M. R., "Improvement of Acoustic-

Feedback Stability of Frequency Shifting," J.
From consideration of dimensional sensi- Acoust. Soc. Am. 36, 1718-1724, (1964). .

tivity and normal trade tolerances in wall
placement and wall flatness an analytical 3. Sepmeyer, L. W., "Computed Frequency and
selection of a "best" configuration is an Angular Distribution of Normal Modes of Vibra-
academic exercise at best. As long as certain tion in Rectangular Rooms," J. Acoust. Soc. Am.
unfavorable design criteria are avoided, 37, 413-423, (1%5).
normal trade tolerances in construction
probably act to blur distinctions between 4. Maa, Dah-You, "Distribution of Eigentones
"best" configurations and configurations in a Rectangular Chamber at Low Frequency
selected for other reasons such as convenience Range," J. Acoust. Soc. Am. 10. 235-238, • ,"
or cost. (1939).
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SPACECRAFT MODAL TESTING USING SYSTEMATIC MULTI-SHAKERS
SINE-DWELL TESTING TECHNIQUES

F. H. Chu, C. Voorhees, W. W. Metzger, R. Wilding
RCA Astro-Electronics
Princeton, New Jersey

A systematic test procedure is presented for multi-shaker,
sine-dwell, modal test of spacecraft. This procedure has
been applied to the modal testing of a Defense Meteorological
Satellite. Good results were obtained.

INTRODUCTION by RCA for USAF. Nine modes below
50 Hz were determined within required

The multi-shaker sine-dwell test is a accuracy and within cost and schedule
widely accepted method for identifying constraints.
the dynamic characteristics of
aerospace structures. The idea in
using multiple shakers is to position THEORETICAL BACKGROUND
the shakers at the proper locations
and adjust their forces so as to The equations of motion for an n-degree-
excite individually each of the modes of-freedom linear damped system can be
of the structure. However, the written as:
iteration process in adjusting the
force ratios among shakers in the modal (M]{i} + [C)(6) + [K1{u) = {F) (1)
tuning phase of the test is often
difficult and time consuming. This where [MI, [C] and [K] are the mass,
paper describes a procedure which over- damping, and stiffness matrices of the
comes this difficulty and allows the structure respectively. (u) is the
test to be conducted in a systematic displacement vector and (F) is the
manner. forcing vector.

A single shaker sine sweep test is Applying modal transformationperformed first to identify the

resonant frequencies of the spacecraft (ul = []{iql (2)
and the preliminary response data at
the possible shaker locations. These to equation (1) and assuring proportion-
preliminary response data for each mode al damping, we have: 0
are used to decide the number of
shakers, best shaker locations, and r+ I-CJ•j + [-K-J~q)
the force pattern needed to excite (3)
the mode. Usually, the number of T 0
shakers needed to excite a particular Is]T F)
mode is equal to or less than the T
number of modes with frequencies close where: I[M.J = [t] [M][]
to the mode of interest. The force
ratio among shakers is calculated using T.r
the method similar to the one proposed [-C.J = I) T[M[4 1
by Morosow and Ayre (1, 2). A system-

atic iteration procedure is also formu- T
lated to improve the accuracy of the I[K-] 1 [(T1 [K][]
force pattern.

and is) contains the mode shapes of the
The test procedure presented in this structure and ;qý is the vector of modal
paper was applied to a modal test of a coordinates.
Defense Meteorological Satellite built
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Equation (3) is a set of uncoupled displacement and the shaker forces is:
equations which have general form as;

C 2 1 rY ' T IF)Xq+ --L +r2q r 0(4)
+r M + W -1 r=1 (12)

r r 6-tan n

where M and Cr are the generalized 
r=l

mass anS modal damping of the structure
respectively for mode r and (*r]TfF} is
the generalized force in mode r. wr is This angle may not be 900 unless
the frequency of mode r.

n
The solution of equation (4) corres- E 0 = 0. This condition can be
ponding to a sinusoidal external force r-l rr
with frequency Q is:

achieved by letting the generalized
qr = Xr-C°st + Yrsin~t (5) forces associated with the other modes,

except the mode to be excited, to be
zero. This can be seen from equation

with (7) which shows that the coefficient Yr
is directly proportional to the t

IT generalized force associated with the
-[r 1 rFfC r/M]r rth mode of the structure. The force

X r ( - + C r/M r 2 (6) ratio among shakers for exciting ther r r natural mode of the structure can then

be calculated such that it will satisfy
the above mentioned condition, i.e.:

[0rJT{F}[wr
2 

_ •21
( T2 2 r 2 (7) [r]T {F} = (FG) (13)Yr [ 2 2 •2)2+[riM

where (FG} is an nxl generalized force '

vector with null elements except the

From equation (5), we can see that the rth element.
modal response of the structure has Equation (13) represents a set of n
magnitude simultaneous linear algebraic equations

where n is the number of modes of
2 2 (8) interest in the test. Out of these n

r Xr r equations, n-1 would be homogenous and
hence could be used to solve for the
force ratio among shakers, assuming the

and phase angle number of shakers is also equal to n.

For example, if there are ten modes to

S-be excited for the test using ten
r Y r shakers, the force ratio among theseten shakers can be calculated by solving

with the coefficients X andY a set of nine simultaneous equations
are: r r r with coefficients equal to the modeare: shape coefficients at exciting locations

for each mode. With these forces, the
T F) generalized force for exciting aX nr (10) particular mode is represented by the

non-zero element in the generalized
force vector (FG) for that mode.
Conceptually, the generalized force

(11) represents the distribution of energy,Yr " 1) converted from the work done by exciting

forces, among the different modes of the

and hence, or = 900. In other words, structure. It is reasonable, then, to

the phase angle between the modal force set the force ratio among shakers such

and the modal displacement is always that all the kinetic energy is con-

900. However, from equation (2), the centrated to the mode to be excited.
phase angle between the physical
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Note that the frequency difference A. Single Exciter Sine Sweeps
factor (w -9) involved in equation (7)
has second power in the denominator 1. A single exciter sine sweep is
and, hence, Yr will be smaller for the performed over the frequency
modes having frequencies widely range of interest using one of
separated from the frequency of the the initial exciter locations.
exciting force. In other words, these The other exciters remain
modes will have small interference with disconnected during this sweep.
the mode to be excited. By excluding
these modes from the calculation of the 2. The frequency response function
force pattern for exciting a particular (FRF) between the driving point
mode, the number of zimultaneous equa- acceleration and force is ?
tions to be solved -s reduced. For the calculated and displayed on the
case of exciting ten modes in the test, digital computer's CRT terminal.
it is not always necessary to use ten
shakers and solve nine simultaneous 3. The resonant frequencies are
equations for the force pattern. The determined from inspection of
actual number of shakers needed to this FRF by observing the
excite a particular mode can be judged frequencies at which the rate
by examining the separation of frequen- of change of phase is maximum V
cies between the modes. In general, (determined from the displayed...
the number of equations to be solved Nyquist plot).
for the force ratio among shakers to
excite a particular mode will be equal 4. To establish the validity of the
to the number of adjacent modes to be FRF, a coherence function is
suppressed. The number of shakers calculated, displayed, and
needed will be equal to the number of inspected. Also, the results of
equations plus 1. an MDOF (multi-degree of freedom)

curve-fit are displayed to fur-
In case the number of shakers is less ther verify the calculated
than the number of modes to be sup- driving point FRF.
pressed for tuning a particular mode,
a least square error solution of 5. Steps 1 through 4 are repeated
equation (13) can be obtained as: using each of the initial

exciter locations as necessary
T -1 to reveal all important

{F} = ([o] )-I[] (14) resonances in the frequency
range of interest.

Note that in order to use equations 6. After the resonant frequencies
(13) or (14) for the force ratio of interest have been identified,
calculation, the mode shape coeffi- short, single-exciter sine
cients at the driving points must be sweeps are performed for each
known ahead of time. These can be mode. Responses from the driv-
obtained from the single point sine ing point accelerometer and
sweep test or from an analytical several additional well-spaced
finite element model of the structure, accelerometers are recorded for I
A systematic iteration procedure can each mode. "Coarse" mode shapes
be used to improve the accuracy of the are computed and used to aid in
force ratio calculations. selecting the force pattern and

relative phasing of the exciters
for each mode.

TEST PROCEDURE *."

B. Multiple Exciter Mode Tuning
The test procedure is divided into the ..
following main phases: 1. Using the coarse mode shape

determined in A.6, the number
a. Single exciter sine-sweeps (modal of shakers, the driving points,

search). and the corresponding force _
pattern and phasing are deter-

b. Multiple exciter mode tuning. mined as follows:

c. Multiple exciter sine-dwell (mode 1.1 The modes to be excited
survey), within the frequency range ., 6

of interest are grouped
The steps involved in each phase are into several units based on
listed below: the separation of resonant

frequencies.
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1.2 The number of shakers C. Multi-Exciter Sine Dwell
needed to excite the mode
within a particular unit 1. Once the mode has been tuned as
is equal to or less than described in Section B, theh
the number of modes within acceleration data for each
that unit. group of accelerometers is

acquired by dwelling at the
1.3 The best locations for resonant peak. The proper

these shakers and the force amplitudes are set and
force pattern to excite a controlled through a force
particular mode are deter- feedback loop so that resonance
mined from equations (13) occurs under invariant condi-
or (14) and from the tions.
resulting generalized
force associated with the 2. The frequency response between
mode to be excited, the master force and each

acceleration signal is cal-
1.4 For each mode of a unit, culated.

those shakers to be used
are connected and the 3. The mode coefficients are
force levels and phases determined from the quadrature
are adjusted accordingly. values of the measured accelera-
The excitation frequency tion response at the resonant
is adjusted to match the frequency.
resonant frequency of the
mode to be excited.

MODAL TEST OF 5D-2 SATELLITE
1.5 The mode coefficients are

determined at the driving The test procedure described in the
points from the quadrature previous section was used for the modal
values of the measured test of a satellite. The spacecraft
acceleration response at used in the test was the first Block
the resonant frequency. 5D-2 configuration built by RCA for the

Denfense Meteorological Satellite
1.6 If the mode coefficients Program. The spacecraft was rigidly

differ from the "coarse" mounted at its base to a 200-ton seismic
mode coefficients deter- block. Figure 1 shows the general setup
mined from step A.6, of the test. Scaffolding was built on
repeat steps 1.3 through the block to completely enclose the
1.5 using the updated spacecraft. It provided a versatile
mode coefficients until means for supporting the shakers, and
final sets of force provided access to all parts of the ISS
patterns are obtained, during the test. Moving a shaker to a

different location on the structure
2. The sweep oscillator is taken simply involved raising the shaker from 4

out of the dwell mode and the the deck via the ceiling crane and .0
excitation frequency is set to either changing the position of the
a value slightly below the scaffolding deck or placing the shaker
frequency of the tuned mode. onto another deck at the new location.

P Using the linear sweep setting,
the sweep oscillator sweeps Seven shaker locations were used during
the exciters through a peak of the course of the modal test to excite
the mode to a frequency slight- the spacecraft structure. No more than
ly above the resonant frequency, three shakers were used simultaneously

to excite any particular mode of the
3. Additional acceleration data, spacecraft. Figure 2 shows the loca-

selected from various locations tions of the shakers. Attachments of
on the spacecraft, are acquired the shaker armatures to the spacecraft
through the same sweeping driving points were accomplished with
operation and the same force flexures (stingers), devices specially
signals. The Nyquist circles designed by RCA for transmitting pure
associated with the accelera- axial forces to the structure. The
tion/master force functions flexures reduce the need for precise
are inspected to further shaker alignment and eliminate bending
verify a properly tuned mode. moments into the force gages.

Seventy-six accelerometers attached to
the spacecraft were used to measure
mode shapes. Figure 3 shows the
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Figure 1. Defense Meteorological Satellite Program Block 5D-2 Spacecraft Mounted and
Instrumented for Modal Test
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Figure 2. Exciter Locations for the 5D-2 Modal Test
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Figure 3. Accelerometer Locations for the 5D-2 Modal Test .
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mounting locations of the accelero- The CO plot from the master shaker on
meters. Data from these transducers each mode is used for the calculation.
was processed by a mini-computer Figure 9 shows the calculation of the
utilizing SDRC software. The modal damping coefficient for the first
electronic gear setup, visible in mode of the spacecraft.
Figure 1, is shown in detail in
Figure 4. A schematic of this equip- It is required by the task assignment
ment is shown in Figure 5. that the orthogonality check is per-

formed to verify the accuracy of the
test results. The test accuracy goal
is to achieve off-diaaonal terms in the
error matrix of magnitude 0.1 or less,
where the diagonal terms are normalized
to 1. The resulting error matrix,

Five initial exciter locations (i.e., given in Table 1, shows very good modal
positions 1 to 5 in Figure 2) were purity. It is noted from this table
used to perform the single exciter sine that only two terms exceed the 0.1 goal.
sweep between 0 and 55 Hz. The The two high values lie between 0.1 and
frequency response functions (FRF) 0.2, and are for higher order modes, the
between the driving point acceleration eighth and ninth. It is, therefore,
and force were calculated and the believed that the results shown in
resonant frequencies of the spacecraft Table 1 represent very good results
were determined from the peaks in the which in total are better than required.
FRF plots. Figure 6 shows the driving
point FRF from exciter locations 1 and One traditional way to verify the purity
2. By inspection of the FRF from all of the tuned mode and to evaluate the
five initial exciter locations, nine modal damping is the decay check. Due
modes below 50 Hz were identified to be to the limitation on testing time and
the structural modes of the spacecraft, the fact that the modal damping could be

calculated more accurately using the
With the frequencies of the modes driving point CO plot, the decay check

P identified, modes were tuned according was performed only for the first mode
to the procedure described in this using shaker no. 3. The resulting decay
paper. Once the mode was tuned, the curve is given in Figure 10. The modal
acceleration data for all of the 76 damping calculated from this decay curve
accelerometers was acquired by dwelling is equal to 0.0066, as shown in the
at the resonant peak. The proper force figure. This number is in close
amplitudes were set and controlled agreement with the value shown in

% through a force feedback loop so that Figure 9. The tuning purity is indi-
resonance occurred under invariant cated by the absence of beating in the
conditions. The frequency response decay response.
between the master force and each
acceleration signal was calculated. Although the purpose of this test is to
The mode coefficients were determined create a dynamic model of the spacecraft
from the quadrature values of the directly from the experimental measure-
measured acceleration response at the ments, an analytical finite element
resonant frequency. Once the complete model was created for the spacecraft in
mode shape coefficients were obtained, the test configuration. This wasan animated mode shape was displayed, necessary for the construction of the
Figure 7 shows the mode shape display mass matrix which is needed in the
for the first bending mode of the orthogonality check of modes. This
spacecraft, and Figure 8 shows a model was also found to be invaluable in
typical Nyquist plot from that mode. guiding the locations and the tuning of

shakers and in sorting out discrepancies
The modal damping coefficient is de- discovered when initial measurements did
rived from the frequencies of the not satisfy the criteria for orthogonal-
maximum (wa) and minimum (wb) coinci- ity between modes. This computer model,dent response at each mode. Assuming as shown in Figure 11, consists of beams
equivalent viscous damping, the modal and spring elements and 36 mass points
damping coefficient ri for mode i is with a total of 179 dynamic degrees of
obtained by: freedom. These dynamic degrees of

freedom reduce to 120 after Guyan
2 -reduction and, hence, the mass matrix

1 (W a / b~ 1 (M] for the test has dimension 120 x
2 a120.

S(a/ b) i + 1
The natural frequencies calculated from
this computer model are, in general,

* lower than the frequencies measured from
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TABLE 1
Error Matrix for Orthogonality Check

Mode
No. 1 2 3 4 5 6 7 8 9 I

1 1.0 0.014 0.062 0.001 -0.059 0.082 0.005 0.062 -0.002

2 1.0 -0.051 0.062 0.087 0.042 -0.007 -0.015 -0.016

3 1.0 -0.051 -0.016 0.025 -0.021 -0.018 0.091

4 1.0 0.016 0.087 -0.072 0.049 -0.021

5 1.0 -0.049 -0.002 -0.040 -0.012

6 1.0 0.079 0.149 0.103

7 1.0 -0.045 -0.010

8 1.0 -0.115

9 1.0

TABLE 2
Comparison of Natural Frequencies and Mode Shapes from Test and Analysis

Frequency (Hz) Mode Shape

Mode Pre-Test Post-Test T
No. Test Model Model [0M [M][ 1 ]A Description

1 9.13 7.74 9.04 0.98 First Y Bending

2 9.13 7.79 9.09 0.93 First Z Bending

3 25.79 22.92 25.43 0.94 PMP Bending.

4 27.56 25.06 27.20 0.91 PMP Torsion

5 29.76 27.24 29.44 0.90 First Torsion

6 35.51 33.27 36.05 0.92 Second Y Bending

7 40.42 37.59 41.17 0.85 Second Torsion

8 44.59 39.87 45.86 0.79 First Thrust

9 47.27 ...... ESM Panel Mode

the test. Modifications were made to CONCLUSION
this computer model and the updated
model gives the natural frequencies of A modal test of a Defense Meteorological
the spacecraft within 3 percent of the Satellite developed and built at RCA
test results. Table 2 gives the Astro-Electronics for the USAF was
comparison of the natural frequencies. successfully completed in May 1979.

The test was performed to create a
A comparison between the mode shapes dynamic model of the spacecraft
from the test measurements and the directly from experimental measurements. %
updated computer model is also given in This dynamic model is necessary for an
Table 2. The comparisons of the mode accurate loads analysis in order to
shapes are made based on the criteria predict spacecraft and launch vehicle
IO]MTrM1 C4]A where [0]M is the measured loads during lift-off and boost ascent.

mode shape, 101A is the analytical mode The procedure used in the test was the
shape from the computer model. If two multi-shaker sine-dwell technique
mode shapes are identical, the value is required by the task assignment.1.
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0
This paper presents the test results
and the systematic test procedure
developed at RCA for this test. Nine
modes with resonant frequencies below
50 Hz were measured. Single-exciter
sine sweeps were used to locate all
these frequencies and to guide the
tuning of shakers. Then modes were
tuned, one at a time, using the
analytical shaker force calculation
method. Since the driving points mode
shape coefficients are needed to
calculate the shaker forces, an itera-
tion procedure is developed to improve
the shaker forces using the updated
mode shapes from each iteration cycle.
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DEVELOPMENT OF A MULTIAXIAL FORCE-PULSE GENERATOR

R. D. Crowson
U. S. Army Engineer Waterways Experiment Station

Vicksburg, Mississippi

F. B. Safford
Agbabian Associates 4

El Segundo, California

W. J. Schuman, Jr.
U. S. Army Ballistic Research Laboratory

Aberdeen Proving Ground, Maryland

R. Freiberg
U. S. Army Electronic Research Development Command

Fort Monmouth, New Jersey

U. S. Army mobile tactical communication systems, typically housed
in shelters on trucks, may be loaded substantially from the airblast
produced by high explosive or nuclear weapons. A laboratory simula-
tion device capable of generating specified force-time histories
could be used to subject the equipment to loads as might be encoun-
tered in a battlefield condition. Such a device has been developed
with a capability of producing rectangular force pulses along two
axes in excess of 45 kN. Calibration of the force pulser and ini-
tial biaxial tests using a simulated mass in lieu of actual radio
equipment have been conducted. Such tests clearly demonstrate the
feasibility of the system's usefulness in subjecting equipment to
force-time histories having both the amplitude and frequency content
of those measured in high explosive field tests.

system to loadings as might be encountered in a

Mobile tactical communication systems used battlefield environment. Program management is
by the U. S. Army are housed in a shelter typi- being provided by the U. S. Army Electronic Re-
cally mounted on a 2-1/2-ton truck (Figure 1). search Development Command (ERADCOM) and the
Airblast, generated by high explosive or nuclear U. S. Army Ballistic Research Laboratory (BRL).
weapons, loads the shelter, thereby inducing The simulation system is being developed and
transient vibrations to the communication equip- implemented jointly by Agbabian Associates (AA)
ment. Typical acceleration-time histories at and the U. S. Army Engineer Waterways Experiment
the midpoint of the equipment rack, recorded in Station (WES).
the DICE THROW high explosive event, are shown
in Figure 2. Residual shock spectra for the SIMULATOR DEVELOPMENT
horizontal data record of Figure 2 are shown in

Figure 3, from which can be observed the broad A mechanical pulse simulating device pro-
frequency range of response (20 to 5000 Hz). At vides a means of closely approximating the tran-
zero damping this display is equivalent to the sient acceleration-time histories on equipment
Fourier magnitude of the time history. as experienced in high explosive field tests

(References I and 2). This simulation may be
The transient loadings and resulting motion accomplished in one, two, or three orthogonal

of the equipment are quite severe. A laboratory axes simultaneously. For this program biaxial
simulation device capable of generating speci- tests are being used. In addition, single axis
fied force-time histories could be used to de- tests were tried with the pulse thrust axis
termine the vulnerability/survivability of indi- placed at angles between the major horizontal
vidual pieces of equipment. A program was ini- and vertical axes. Test acceleration levels of
tiated to develop such a simulation device and the equipment will be set slightly below, equal
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Fig. 1 - Airbiast loading of equipment shelter.

S .to' •zI'•, P 0FREQUEL, HZ

Fig.3 - Shkspcr ofhrzna mti.

S~computational procedure needed to generate the-

S|•pulse train. In many situations high explosive
0 field tests data upon equipments are not avail-

Sable, in which case response motions from com-
-I• puter models may be used as the objective func-

Fi.tion. In this latter case, airblast loads on

- 00 scale models of the vehcle or shelter fromshock tubes should be used with the finite ele-

-$00 "" menit computer model of the structure.400 405 470 47 40 405 400
T E ATER ZERO, MSEC Impedance measureents between the vertical

S~and horizontal input loading points of the hold-0oo ing fu tus e and the transducer locations on the

IL ~eupmn ar fi rsessd t made Then eqi meatsareenot avin-

0 clude vertical and horizontal drive point inert-

ance functions and cross-axis transfer inertance
00 functions. These measurements, when converted

sto cpulse functions, are used in the develop-
TMment of the pulse train. Impedance measurements

an0are in the form of inertance, the complex

- i% fPulse trains are a series of rectangular
eqpulses that v in amplitude, time duration, InQ 20land initiation time. An iterative optimization
talgoritmu is to be used to taflor a pulse train

40 40 500 5n by convolution with the i mpedance measurements

TIME AFTER ZERO, MSEC to cause the test article to hve response ac-t

celerations mtching specified mtions or O-

Fig. 2 - Acceleration time-histories as recorded tions experienced in the high explosive field •

on equipment rack in DICE THROW event, tests (see Figure 4). '

A highly efficient search slgoritm is used,l
to, and several factors above high explosive which employs an adaptive random search tech-"field test records for analysis and evaluation nique. Given a tw-axes teat for a response mo-

of v b A stion bandwidth of 20 Hz to 4000 Hz, pulse trains

of 0 4Ierbl 0y 500to~ sur 50vicovouiovwtbielmpdncimauyet

acceptance, tests are planned using specified are generated in accordanie w mithion t fllowng

mition-time histories as criteria, matrix p iv

The recorded data of acceleration-time his- = rI'SIVH F[ H]
tories from high explosive tests on the commu- (see [FigLre4J
nications equipment is used as an objective OFrt is usedvJ

function. This is the motion to be matched inboth horizontal and vertical directilo by the Objec- Pulsed System Pulse

accpulse tests on the equipment in a laboratory tive motion func- trains f o
The upper half of Figure 4 describes the field func- tions
test and the lower half describes the tiodn t
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Fig. 4 - Optimum response of communications equipment by pulse excitation .,

to match motions induced by air blast loads.

where j (.)OF - 2 dt,,%

Fx•1 " Response acceleration motion erf = oft..

I(vertical and horizontal) from o X2OF dt
I I field tests (objective
U iOF function) An adaptive random search method was used

I " (vertical and horizontal) due zontal and vertical axes (Reference 4). These
4I I to force-pulse train inputs pulses were convolved with the impulse function

I ~I matrix shown above to induce motions in the
P ~J equipment. Since each individual pulse in the •

r - Horizontal transfer inertance train is characterized by the independent param-".,3
H eters of amplitude, duration, and initiation

impulse function time, a total of three parameters are needed to ,5

rv Vertical transfer inertance define each pulse and each direction. Thus, for

impulse function example, if eight pulses are required for both •,

FV V impulse function (motions rImcisiow ST[P n... 'N

Sinput axis) $rt- i

is~~CM theinere ouie

tion to input force over tI W

the frequency range of
interest (inertance •wo v•sl - "
function) • i[IA# • f ',

[FVIý

Optimization iterations are continued until
error functions, as given below for both verti- Fig. 5 - Adaptive step size search, both wide
cal and horizontal motion) of the equipment to range and precision f'r rapid conver-
be tested, are equal to or less than 5 percent. genc of cost function.

fie1d t

. "; OF function) An "." "d "." , "- used

[,•., , "•3• r •¥4•,.t•,4• •r.a . '• • ,• d•t• . •,• .•-..•.,,-¢', . •j. •'..'•'.••. •.•.. .. ... #.•.• - .I.,. ..
Rsos accelratio moio to deemn the pus trin fo b'', the' hor'i-"
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vertical and horizontal direction, 48 parameters
would be required. Using the procedures in Figure 4, specifica-

tions will be developed for the pulse train,

The algorithm for the adaptive random search which are then used to establish the physical
consists of alternating sequences of a global parameters of the pulse generating device. The
random search with a fixed value for the step pulse units employed are metal cutting devices
size variance (,') followed by searches for the in which a cutter removes shaped projections
locally optimal u . Figure 5 illustrates the from an aluminum mandrel (References 1, 2, and fQ
adaptive algorithm whereby a very wide-range 3). The resulting forces generated by cutting

ihsearch selects the best standard deviation of the projections from the mandrel are transmitted
step size (a) for the coarseness of the incre- directly to the system to be tested. Pulse
ments used, followed by a sequential precision amplitudes, wave form shapes, and pulse dura-

5,search of finer increments. As the rate of tiona are functions of cutter design, projection

convergence decreases, a new precision search shapes, cutting velocity, type of metal, and

is made, but directed towards a smaller step energy source. The pulse generator system in-I
size. At selected iteration intervals, the cluding power supply is depicted schematically
wide-range search is reintroduced to prevent in Figure 6, and a photograph of the pulser is
convergence to local minima, shown in Figure 7.
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Fig. 8 - Hydraulic power supply circuit.

TABLE 1

Hydraulic Power Supply Component List

ITEM 1QTY DESCRIPTION ITEM RTY DESCRIPTION

1 1 Thirty-gallon reservoir with cover, sight 9 1 Check valve, Gould No. DC 500 %
gage, flush drain, and baffles, Activation A
No. T30L 10 1 Ball valve, Clayton Mark No. J,

1/2 CSB-790 e%
2 1 Suction strainer, MFP No. SR45

11 4 Directional control valve, 4-way,
3 1 Electric motor, 3HP, Lincoln No. 182T 2-position, solenoid operated,

Double A No. QJ-005-C-IOBI
4 1 Pressure compensated pump, Hydura No.

PVQ-06-LSAY-CNSN 12 4 Relief valve, Double A No. I,

BT-12-12A2

5 1 High pressure filter, 5 micron, MFP No.
HPI-1-G08 13 1 Ten-gallon accumulator,

Greer No. 30A-IOA

6 1 Relief valve, sun No. RPGC-JAN-CEB " I

14 1 2 1 Flow control valve, Double A
7 2 Pressure gage, 0-3000 psi, UCC No. No. YB12-IOAI

UC-3907
15 2 Hydraulic cylinder, 2-1/2-in bore,

8 2 Directional control valve, 4-way, 3- 1-in rod diameter, 13-in stroke,
position, solenoid operated, Double A Sheffer Heavy Duty HH Series '

No. QF-01-C-IOF1 Model No. 2-1/2 HHRFI3CRA *
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NYDRAULIC POSEE SUPPLY

A hydraulic energy source. A~ttvetto,% '~4"wi j
No. 1-1674-1. is used to drive the puleer The
power supply hbematic is show" Im Figure A and
Table I sed a photograph in Figure 9 A hladder

accmlator is precharged t,, a given presaure

and on oil pump brings the svytem t1 .4persat Ing
p r e s s u r o . T h e sy set - m w a se 4 e e ol a r d t o p o~ w t w r I m m Ol M sMIM
Pulsatr Simultanteomiel or individually. A sale- - a

said control valve releases the ill atored in
the accUlatur and separate 'low t,•ntrl valve*

are wood to rgulate flow t,, each hvdrzull, Fti. iO TypIal nubbin ontxtursti,-n,

"cyliader.

1,9
- .ww.q.-

fig. II -
1
ypical calibration test 4tae, O,1i.-m
depth nf wt. Flow Contro Nol . 6-/•2

alumilm in nut. A dttfeoret utter shep" as*

tried but the khotter Na. yet to be removed.
"The various parameters were altered cad after

repeated tests -alibratio" urvoo. such as those

shows In Figures 11 and I). woet developed.
Oither curves which wre developed but are not

shown tnclude various relationsa of flow rote
control. force, cutting vsleo itv. depth c•f cut,
gain and losse of velocitv and em r gv and dwel1
velocity between ýuhbins.

Fig. 9 - hydaulic power supply.IV"OCU.M
t,/

*CALIBRATION TESTS So

Calibration testm were conducted with the
pulser positioned horizontally between twn rigid
reaction structures (figure 7). Tests were wade

using 2024-T3 aluminum nubblns as well as half-
hard, free machining brass alloy )60 (1 percent
Pb, 36 percent Zn, 61 percent Cuti. The tests

were performed to measure the following param-301

st e : u 1 .0
*Depth of cut 2011

*Flow rate and flIw - ntr,)l settingam
*Optimal system operating tirvosur.-n %N@..

41l data were recorded on an fl4 magnet i, tape
recorder a&M played back on 'a., IIlloprAph tra. ex.

A typical calibration test nubbin arranite-IV oCU,"
met is shown in Figure 1O and resulting fr.e

record in Figure I. The hith frequenmy damped Fli. 12 - Fore versus depth -,I ut alibr.itton
harmonics are the result of tool ,hatter a" the (urve.

MI

",* ? - " • V " 5 % * '' %' .. " " * " m " "
m
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!nitil] blaiala pulse tests were conducted •
on the equipmeMnt rack using a simulated smes in
lie* of a radio component. For this purpose of

the study only gen~eric pul S trains were used as F,"'-wl)r is continuing on developing specific objec-

teIV t pn t ho. Additional parameters will be

towbined with the measured field test data tot,.
generate more meaningful functions to which the .p

pulse train q ipm be optimized. The test con- Fdg. 14 Test setup for initial bnaxial tests.
figerof.r, ai used for t.e initial generps of
testsd to shown In Figure ta. Input forces were

measured along with rack acceleration at the

r.a d i t t a h n i po i n t s . T e p u l s e r w a s d o- __ P C " "
signed fo~r. and has a capacity In excess of -e .... Nqn•-
nubbins with t.2--em (.aued-n.) depths of cuts,

g.)r kt (21Or lb) was generated (Figure 15).
mease falroe levels resulted In peak acceleration
seveln of 800 g, which are eil within the range M Fort"

f Interest. The data were rscordn d unfilteredthe

on ak FM ma0gneti tape reorder. For analysts, (gr .

some of the data were played back through a -

tuneable Krohn-Hlite analog filter onto oscillo- 'a.

graph traces. The data shown in Figure I5 were V• AAL

played back through a 3-ku: low pass filter.. ..

In general, the upper limit of the frequency *

range of interest for the radio equipment will

be in the 1000- to 4000-Hz range based on the M ACEL
shock spectra of Figure 3.

SU)9IAidY

A low cost multi-axis force pulse generator
has been developed. The device is capable of Fig. 15 Input force and rack acceleration

generating specified pulse trains in excess of data from biaxial test (3-kHz low

45 kN. Using previous test data, or arbitrary pass filtered).

data, as criteria functions, pulse trains will
be developed to simulate equipment motions and could be used to test other types of equip-

which might be expected in a battlefield envi- ment. With some modifications to the hardware,bhut no change in theory, an additional axis of '.••

ronment. Such laboratory simulation tests can btn hneI hoy nadtoa xso
be used to specify performance standards as well excitation could also he added.
as verify hardness levels of communication sys- ,k

tam components. The pulse generator is portable
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Work is continuing on pulse train optimiza-
tions to match the radio equipment criteria
functions. A variety of system components will
be tested to failure or to previously specified
maximum limits.
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Mr. Crowson: We tried different types
of cutters and different configurations
of cutters and the designs we tried,
which we thought would eliminate the
chatter, actually made it a little bit
worse. But we did have less chatter

with the softer brass material and using
something like teflon, nylon or even a
softer material, would probably do away
with the chatter.

Mr. Showalter: How long can you use the

cutter, do you have to sharpen it every
so often?

Mr. Crowson: We haven't had any problem
with it yet. We have had it operational
now for about six months, I guess, and -

they are still working fine.

Mr. Silver (Westinghouse): Do you have
data to show you are duplicating the
real responses at the critical elements

within the radio, and along the dif-
ferent axes and to show the degree of
coherence between those occurences in
real explosive cases versus the tests?

Mr. Crowson: We have not gone that far
yet. We plan to actually do the opti-
mization sequence in the coming year to
generate pulses that we are looking for.

Mr. Silver: Yes, we would feel that It
would be prudent to be careful of the

DISCUSSION coherence. You could get a lot of
damage due to coherence that might be

Mr. Showalter (SVIC): Were the high unrealistic. Also why are you using a
frequency oscillations possibly longi- square wave? I gather that these racks
tudinal oscillations of the bars or the are fastened to the walls of the hut.
holding structure? Could you stiffen Is that correct?
them, if that is the cause of it, to
eliminate that or do you really care? Mr. Crowson: Yes.
Does it hurt anything?

Mr. Silver: Is the pulse coming in from ".
Mr. Crowson: Are you speaking of the both to the side and the top at sort of
oscillations as shown on the force an angle partly from the side and partly
pulse? from the top?

Mr. Showalter: Yes. Mr. Crowson: Yes.

Mr. Crowson: No, those are very ob- Mr. Silver: Are you r,.illy putting the
viously due to the cutter. You can look force in as if it were an air blast
at the nub that it has been cut and pulse? Is that your intent?
actually see the chatter marks. We
haven't calculated the longitudinal Mr. Crowson: Yes.
vibrations but we feel that the high
frequency oscillations on the pulse Mr. Silver: Is it square in nature?
trains are due to the chatter and run-
ning it through a 1000 Hz filter com- Mr. Crowson: It really do,,.sn't matter
pletely does away with all of the high what vour si•ir', of -.xcitattfin is on
frequency noise, these,, t 's t . t. e air, simp]v .,x'iting the

rack anid then th i, dvnamami i t thc, rack
Mr. Showalter: And can you eliminate will a'tuallv gi ve, voo sm, type of
that chatter by redesigning the cutter? motion. We are trving t,. duplicate the
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motion of the rack with the measured
motion and It really doesn't matter how
you get this rack to move as long as it
responds in a way similar to what was %
measured.

Mr. Silver: That wasn't quite clear to
me; so you don't care whether it is
square, rectangular or what have you.

Mr. Crowson: Yes. We are just exciting

the rack some way.

Mr. Silver: Yes. But you do have %
measured motions on the rack.

Hr. Crowson: Yes.

Mr. Silver: In what form are they? a

Mr. Crowson: Acceleration time
histories, and this is what we are
trying to duplicate.

Mr. Silver: So having that you could
evaluate the coherences, the correla-
tions or the cross spectral densities
between those.

Mr. Crowson: Yes. That is what we will
do in the coming year. Thus far we have
just developed the device and shown that
it seems feasible and that it is working
properly.

Mr. Silver: Great differences in damage '

have occured in pyrotechnic shock tests
where coherence has been ignored in some,,
test procedures in the past. '5

Mr. Frydman:(Harry Diamond Labs): Since
you are talking about simulating two
degrees of freedom, as far as input is
concerned, how do you propose to control
your phasing relationship between the
inputs?

Mr. Crowson: This will he taken care of
in our optimization algorithm. I am not
that familiar with that because I have
not worked in that area. I have devel-
oped the actual pulser. We will control
the phasing between the horizontal and
the vertical pulsers by actually posi-
tioning one a little bit closer to the
first nub than the other one, so this is
kind of an experimental process. But we
do have the capability to control the
phasing between the actual hardware
pieces.

I'm ,I
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VIBRATION OUALIFICATION OF [OUIPMENT %

MOUNTED IN TURBOPROP AIRCRAFT

L. G. Smith
Hughes Aircraft Company
Fullerton, California

(U) A test program required the derivation and implementation of
environmental criteria for qualification of equipment mounted in turbo-
prop aircraft. This paper discusses the v~bration portion of the pro-
gram. Both the criteria and the test control methods are unique and
are applicable to other program for qualifying equipment for the
turboprop aircraft vibratory environment.

I NTROICT I ON events. Landing shock was not considered, as
the cargo aircraft is designed for soft

(U) Testing services, including vibration landings.
testing, ware performed by Hughes Aircraft
Company, Ground Systems Group upon equipment to (U) By mutual agreement with the test cus-
be mounted in a turboprop aircraft. There was tomer, testing was conducted in a single lateral
no specific criteria for the vibration testing. axis, the apparently most sensitive axis for
The criteria was to be based on existing speci- each specimen.
fications for turboprop cargo aircraft. if
available, or else from existing data for the SINUSOIDAL DATA
specific aircraft involved.

(U) The flight test data report presented
(U) A literature search did not determine the data in power spectral density format. The

any existing turboprop criteria, so criteria sinusoidal effective band width of the analysis
derivation became a part of the testing scope. filter was stated. This allowed accurate calcu-
The criteria so developed consisted of sinusoi- lation of sinusoidal levels. These levels were
dal harmonic components superimposed upon broad- tabulated within each zone for each significant
band random. This paper discusses derivation frequency. These frequencies were descr 4 bed in
of the criteria, the actual criteria used, and the data report text as the first several har-
the test methods used to achieve the desired monic$ of the propeller rotation frequency. The
environment, resulting amplitude set of all values for each 1.

harmonic for each zone were statistically evalu-
CRITERIA DERIVATION ated for average and RNS deviation. P

(U) General (U) The hardware utilized was flight hard-
ware. In order to avoid unnecessary damage to

(U) Consideration of the aircraft geom- these specimens, a nominal test level of 2 signs
etry. the equipment location, and the nature of above average was used as a compromise between
the available flight test data resulted in the achieving a high probability (97 percent) of
zoning of the aircraft into four zones: For- testing representative of worst location within
ward cabin floor (six measurements available), the zone, and avoiding unreasonably high levels.
aft cabin floor (eight measurements), forward The resulting amplitudes were 17 to 50 percent
shelf mounted to primary ring structure (six above data maxima. To keep the test duration
measurements), and mid ship bulkhead mounted reasonable the levels were doubled such that one
(two measurements). Due to configuration hour of testing was typical of one hundred flight
changes only two zoning levels ware used for hours. The resulting sinusoidal levels are tabu- U
test. Sated in Table WA.

(U) Ground and flight (normal rated RANDOM CRITIRIA
power) data were available. The levels were
similar and criteria was based on the flight (1I) BeatseP of the broadband nature of the
level, because of the longer duration of flight random portion of the environment and practical

69 0441
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TABLf A

Test Criteria (U)

ZON. SINUSUIDAL CRITERIA RANDOMI CRITERIA

Frequency Peak V requency PSU
Hz Gs Hz G?

Fwd. cargo floor bg 3.0 20 .0063
and miii-ship
hulkhead 13t .H 150 .0063

198 1.4 500 .015 %

?7? 1.? 1000 .015

RMS - 3.48 G

fwd. shelf I f 5.9 20 .0024

lever frm main • litf ?.1 60 .0024
I ofq I tud i ni a I
stringers) 1 4 ).4 120 .04

400 .04 I-.

1000 .004
,U-

RMS * 4.49 G

A' (l A l .34 Z0 .0008

\ *.••2011 .0008 ll

14W .48 350 .003

800 .003

1000 .0016

RMS - 1.48 G

All -s-s-, i,) he conducted usinq comnbined randIom and sinusoidal application.

limitation on point-hy-point data analysis for TIST (ONDOUCT METHODOLOGY
a "one shot" progra,, an enveloping approach
was taken to the oroblem of deriving repreSen- (U) The basic test approach was to combine
tative power spectra. Flight test spectra zone a computer generated equalized open loop random
groups were envel,)ped, hot singly occurring control signal with an analog taped pre-
sharp peaks were ignored as these are usually a equalized sinusoidal control signal. The
result of local structiral and equipment coon- fourier analyzer digital-to-analog output was
pliance and enveloping a group of them is used to produce the sinusoidal signal. First
unrealistically severe, various phase relationships were tried to find a

signal with equal positive and negative peaks.
(U1) The enveloping process itself To obtain the desired signal at the exciter the

accounted for statistical variation, and a h dh gain and phase lac, were found experimentally by
factor was added to the resulting envelope to driving the exciter system with the desired
acount fnr ln test 1 time factor consislently signal and making a fourier analysis of the
with the sinusoildal portion. The resulting return signal from a typical control location.
levels are also presPnted i, ablp 'AW. The input signal was adjusted accordingly and

S7(1
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the process continued until a control signal contribution of the random portion is
giving the desired return characteristics was insignificant.
obtained. For the actual tests, two iterations
were required. This process was performed with (U) To start the test the tape recorder
the appropriate slip fixture, but no specimen was connected to the test circuit with the tape
was used. It was not necessary to reiterate running and the tape gain down, as in Figure 1.
when the specimens were present. The resulting The purpose of starting in this manner was to
signal was taped for eighty minutes. Since avoid switching transients. Random equalization
there was no feedback loop involved, it was not was performed in the normal manner, using the
necessary to have excitation while taping. digital control system. When equalization was

) ob hcomplete, the random system was open looped, and
S(U) The problem of obtaining the correct then the tape gain raised until response peaks

sinusoidal amplitude for the actual test was approached those marked on the CRT. The
resolved by using an independent real time reasonably equal occurrence of all harmonics

" analyzer. The analog tape produced as above reaching the target level was indicative that %
was played into this analyzer and the lines readjustment of the sine input was unnecessary.
excited were noted. An oscillator was then Final verification was to sweep the plotter to
tuned to a frequency corresponding to each line obtain a more accurate amplitude readout. A
one by one and adjusted to an output voltage typical plot is shown in Figure 2. *

corresponding to the various sinusoidal test
levels. The peak response of the real time (U) The above process was repeated for
analyzer to each component was marked as a test arbitrary durations at -12, -9, -6, and -3 db,
"target" both on a CRT display and on a plot- and at full level for one hour, although the
ter. These narrow band peaks were many db full buildup was not always used at customer %
above broad band test levels, so the eventual on-site representative discretion.

DIGITAL •'

vtISRATION DIA

SYSTEM 2KII
EXCITE R CONTROL
SYSTEM A[:IEL

TAPE
RECORDER

REAL TIME N
ANWALYZER.%

OiCILLATOR

VTVM

'•Fig. I -Test block dliagrdl "•%

1%hq. - 1~t bock lld~dI Z
%
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Note: Circled quantities are target values.

Fig. 2 - Typical sinusoidal test data

TEST WORTHINESS itself convinced the customer of the flight
worthiness of the equipment, and no dynamic

(U) Because of the unique nature of the flight test measurements were made to verify the
test, close coordination with the on-site test test program.
representative was unusually important. As
each test level occurred the apparent severity CONCLUSIONS:
of the excitation became the final criteria for
the worthiness of the test. Both laboratory (U) 1 - This test program established
and customer personnel were in agreement that useful guidelines for testing equipment mounted
the severity seemed appropriate, both at -6 db in turboprop aircraft. The criteria developed

as a reasonable flight simulation, and at 0 db may not stand up to rigorous statistical scru- .
"as a test level. It was also noted that the tiny such as based upon multivehicle measurement %

excitation produced a sound similar to a turbo- programs. It will, however, give a meaningful .4

prop aircraft, test based upon both the available data, and
upon observation of test witnesses.

(U) The purpose of the overall programd
was the delivery of a special aircraft and the (U) 2 - Testing for combined multiharmonic
testing program came ahout hecausm the critical sinusoids and wide band random is feasible using

equipment had no flight history. The tesinq present test methodology.

7?24 .-,.
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"QUICK LOOK" ASSESSMENT AND

COMPARISON OF VIBRATION SPECIFICATIONS

Jeffrey H. Schmidt
The Marquardt Company

Van Nuys, California 91409

A technique is.developed by correlating sine, shock or random to the equa-
tions obtained via a response spectrum analysis solution for random vibra-
tion. By means of this correlation, which is developed for simple then
complex structures, it is shown that only one analysis technique need be
used to solve all or any one of the designing dynamic environments for a
given structure.

The proposed technique is simpler and more cost effective than standard
solution techniques. Applicable assumptions and limitations are discussed.

INTRODUCTION

Often designs must be evaluated for a vari- analyses for each of the environments. Once
ety of load environments in order to establish detailed dynamic analyses is completed, load,
wbich environment is most severe. In most deflections and stresses can be compared
evaluations, no one environment designs all directly for the analyzed strucutre. In real-
structural components and therefore leads the ity, all three of the environments can be con-
engineer into separate analyses such as shock, verted to a common basis, for comparison, be-
sine and/or random, fore structural analyses need be done.

The proposed approach allows an extremely In particular:
simple means to compare and to evaluate, one to
another, the vibration environments or specifl- 1. Random criteria is specified In terms
cations of shock, sine and random vibration of g2/Hz. (spectral density) versus
specifications. The concept applies equally frequency.
well to simple as well as complex structures.
The approach allows the engineer to evaluate 2. Sine criteria is specified in terms
all three environments by a single analysis of applied g's versus frequency, and
technique.

3. Shock criteria is specified in terms
GENERAL APPROACH of shock shape (i.e., sawtooth, re-

tangular, etc.), magnitude (9gs) versus
A. Single Degree of Freedom Structures shock duration (milliseconds).

The approach is based upon the concept All of the above may be simplified-and plotted %
of "Response Spectrum Analysis" (RSA) that was on a common graph of response g's versus fre-
developed and is used extensively for earthquake quencies. For example, take a simple one mass'%
analyses. The derived equations used in RSA are degree of freedom sysmte (i.e., a mass on a
simolificatlons from the more general equations spring) as shown in Figure 1.
developed for structural random analyses. As
will be shown, the simplified equations for RSA Random criteria are usually specified in
can be directly correlated to sine or shock vi- terms of g2/Hz versus frequency as shown in
bration analyses. Therefore, by means of this Figure 2A. The power spectral density plot
correlation, only one analysis technique need (PSD) of Figure 2A may be converted into a plot
be used to solve all or any one of the designing of response gRMS (root mean square) versus fre-
dynamic environments for a given structure. quency as shown in Figure 2B. This conversion

is accomplished by the expression:

The main difficulty in attempting to assess the
relative severity of different vibration envi-
ronments, such as shock, sine, or random, is
that all three environments appear to be non-
comparable entities prior to detailed dynamic

73 I
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=g / V- f Q gn (Absolute (1) conversion to response "g" versus t 1 r,
acceleration) where t, - shock duration and r- 1

-?-.* By se-
where: n

lecting various fn'S a plot of g's response

fn a natural frequency (Hz) versus frequency can be plotted, Figure 38.

Sine criteria is usually specified in terms
0 = amplification factor of "g" input versus frequency and, in this

.2. =-- ratio of assumed to cri- case, a "g" response curve versus frequency

2 tical damping can be generated easily by the expression:

gin g2/Hz value at fn gresponse ' ginput Q (2)

Selecting 3 times gm as a limit (yield) g A typical sine input criteria and corresponding
load, g's at varioume atural frequencies can be g response versus frequency plot are shown in

load gis atvarou~'atual fequncie ca be Figures 4A and 4B respectively.computed and plotted as shown in Figure 2B. Fgrs4 n Brsetvl.•r.

All three response plots, Figures 2A, 3A and 4A

can now be combined into one plot as shown in
Figure 5. Upon review of Figure 5, all three
criteria that, at first, seemed to be non-
comparable vibration environments are now

M easily compared one to another.

C(V)

-a..m.•

-..•

Figure 1. One Degree-of-Freedom Structure

'.m

Figures 3A, 3B. Typical Stock Environment and
Shock Response Plot

'Fgure.2.A, 28. Typical P.S.D. Plot for Random

Environment and Random Response Plot ..

Shock criteria are usually specified in

terms of shock input magnitude "g", shock dura-
tion in milliseconds and shock shape for ex- 0%.ew•• ,•ample, Figure 3A. From these shock parameters, Figures 4Ao 4B. TRaical Sine Environment and
various referencesr e.g.a Ref. I permit Sine Response Plot ---a

Shoc crieriaare sualy spcifid i
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of external forces IF (x., tw) Mi,kij, Ci 3, %

and F are expressed in tAie wcoordinate system. For

IF (Xj.t)li - Po  P (xl)If (t) (3)

The differential equations of motion in the w
coordinate system take the matrix form

(mj [] + [c] Iw+ [k] I wl (4)
"le" Polp (x J)If (t) .4••

'a.K

Apply a coordinate transformationRANDOM.
IwI -I1i i) ,.(5)

in which each column of0 is a modal column of
the system andi1, represents the normal

FREQUENCY ("a) coordinates.

Figure S. Combined Relponse Plots From Equation (5)

But let us review the assumptions made to arrive [ {'1$ (6)-'-
at Figure 5, they are as follows: and

1. The structural system used to develop (7)
Figure 5 is. by definition, a one-de-
gree-of-freedom system as shown in Substituting Equations (5), (6), (7) into
Figure 1. Equation (4) and premultiplying by the trans-

pose of [(6 Equation (4) becomes
2. The equations used to convert the given

general vibration criteria (the crit-T T ,11r411[iI [Es i (8.
eria applies equally to one-degree-of --61 IL . 6 r

freedom system as well as to many de- + 14YT 1k 1#6)[ 1-! " 'o] f6 (xI)1 f (t)
gree-of-freedom systems) apply only to
a one-degree-of-freedom system. From the orthogonality relations of natural

modes, it follows that
3. The plots shown in Figure 5 are 3 re- T

ponse.plots corresponding to their re- f9)T Em)[]) [M9
sective input plots for a one-degree-
of-freedom system. That is, Figure 0lT [k (61 - i [ M] 110)
5 plots are, in reality, solutions to [[r] = rI
the posed problem of Figure 1 for vi- Comparing the triple matrix product
bration inputs of shock, sine and C r.-m'o

random. •]T [g [.

4. Figure 5 does show curves rather than with Equations (9) and (10) this product will
a single point, which is what one result in a diagonal matrix only when the damp-
would expect for a single frequency ing matrix (r] is proportional to either the
problem of Figure 1, because we assum- mass matrix 1m) or the stiffness matrix 1k I
ed the proposed structure may have any that is
frequency, but only one. [ci • 2a[nmJ 1')

or
What remains as a logical step is to extend the cc] 113)
above concept to include multi-degree-of-free- -cJ.•V
dom structures (i.e. complex structures) and or ftr "r r 13a
thus allow an initial evaluation of the vibra-
tion environments such as shock, sine and ran-
dom, and to eliminate a detailed separate dyna- Using Equation (12) in [Euatinr '11, and co- ,

mic analyses for each of the aforementioned paring with Equation (9)
environments.

B. Multi Degree of Freedom Structures 
1 4c)[w] 2 (VrJ

In general, consider an n (multil de-
gree-of-freedom lumped parameter structural
system with mass matrix [mij, stiffness matrix
[kijj, damping matrix [CijJ and column matrix

75
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The substitution of Equations (9), (10), and Starting again from Equation (18) and posing
(14) with Equation (8) results in a set of n the problem of harmonic or sine excitation,
decoupled differential equations of motion. .5.t

f(t) = e (22)

[Mr] I ' L+ 2# r] IL; +-rL2][Mr ] 17 = (15) Use of Laplace Transform provides the steady-
[]T {p(xj) of (t) state solution given by

The rth Equation of Equation (15) has the r(t) = o r
form 7

M 7+ 2/ 13 m # + to2 M qr(16)
Mr r r r r r =

SIf (t) (23)
Po { r p (xj)l f (t) I + 1 2 r C ft

Po rrW"r air
*Let P0rr

16 (rl p (xj} = (17) = o Hr(fl f (t) (24)

r r

= participation factor where: *

- Dividing through by M in Equation (16) and
using Equatior (17) r4 sults in: r = 1, 2, ... n

" "v 7 2 0 o ( - (25)77r + 2,6n + 0in r • f Mt (18) r- + 2 (• f .

r r r r !Lft 1) r(~

A general form of solution to Equation (18) is
obtained readily by the use of Laplace Trans- The total deflection of the structure, w (xit)

fomis obtained by inserting Equation (24) into
Equation (24) into Equation (5). Thus

For the case of shock spectrum the solution of n Fi
Equation '18) becomes w (xt) = P 0 (26)

0r (t) -o-r t1i (x) Hi (fl) f (t)r 0 Mr{t (19)''""

r r w (x,t) W" r (x) (t) (27)

in which E •. Or r

t r I

Pr (tW h (t-r) f () dr (20) The mean square of the response is written as

t 2 T %'.
3 (t- 7) lira dt (2 8)

f oIr e w 2xx~, T-.-2T f 2(W )dt (8
/ 1 k2 -T

%1/e2r -. 2

f- (t-T f (r d Substituting in Equation (28) from Equation (2?)
Sr t  (' dand then from Equation (24) we have

n n 1
where r(I' is called the dynamic load factor. ,) =lim = =1 rT W Os

w( T-. r-1 1=1 2TThe total deflection of the structure, w (x,t), T n n I's obt ained by insertincI Equation ý20) into(t -

EQuation (5 Thus f -T '1r (t)is (t) dt r sal

,,, ,o' " r F i (21)P°) 0 ' rs lim 1 f Hr(fl)

T - .TM- -" T

Hs (1() f 2 (t) dt (29)
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If as an approximation we disregard phase re- For a lightly damped mult-degree-of-freedo

lations which will tend to result in a higher system. The magnification factors 1C)H (rlhave
mean square value in Equation (29), then the regions of prounced peaks in the neighborh od
integral on the right-hand side of this of the corres onding natural frequencies wr.
equation can be written as The products 1H (fol Hs(f)l for r # s are

seen to be smalT in cornarision with the same
T-HS 2 products for r = s. In addition, in-Equation

2TL Hr si) Hs (0) f t) dt (30) (33), terms with r # s may be negative as well

-T as positive depending upon the sign of the pro-

T-- ductOr (x) s (c) W rr.rr while terms with

T r = s are always positive. The contribution of
l •i " of cross product terms (r # s) to the mean

Sr H1 r H (f) f 2 (t) dt square response. Equation (33) will therefore

be small. Hence, by disregarding the cross
T-, product terms corresponding to r = s, Equation

Sthe forcing function f (5) is a represent- (33) becomes

*tive record of an ergodic process, we can 2 2

transform the limiting process of Equation (30) n 2 P0 Fr

from the time domain to the frequency domainwIx - ",(x)r (35)

because the function f (5) is then represented w (x.t) r=1
by frequency components in a continuous fre- r r

quen•cy spectrum 0(< 1 < Thus
1if Hu nl f (ft l) dn d

T r7tJ 0 Io r

Si .m.± f2 I(t) dt (31)
-2 T . Equation (35) can be further simplified by

approximating the integrals of Equation (35)
by replacing f (fl) by its discrete values f

(w )at the natural frequencies wr (see Figure.%
6f l and using %

0

iv- tistrnsoratonfrm hetime to the o z 2
dfl,. .(. omain in Equation (30) we write I.n + 4C . dn

""- - f ktr ifl) H i 1f2 (t) dt (32) =C-j .r 8(

'H i )1f (0) dBy introducing the following definitions
f (•) = fn(37) %':.-

.. $''.j from Equation (29) we write for f ( gor) = input fn

-tv iouaro rosponse of an n degree of
.. ,',ws,,o Pescited by a random forcing ' = ' = g2 /Hz nS....in input /zinput @ f-(7a

Po2 Fr r fn f r = 2rwr (38) A

or r , • (39)

Equation (35) becomes ,.

f o. f (11) d (33) n 2 2

r 2 Wx PO Fr r 
7

114 ,.'e 3- ) can be simplified .2 ix~t) r-1I0 •r M r

"Wgin fn Q(40) •ý

• ,•'" -•" hpf *Ori•ficatiOn i

Equation (40) is the equation which forms the
-/? basis of the method "Response Spectrum

e' ] 34) Analysis" (RSA). ";
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.e

•(xt) Po 7 r (x) f' (t) (26A)

r-1 &'r Mr

wher P~) -d
2

where f'(t) * - (f(t) (now in units of

acceleration)

and

o 1 (per Equation (34) when
fllwm)

Case 3) Random

an P 2 r 2

FREQUENCY (HZ " (" t r- Xr2

Figure 6, Magnification Factors for a Lightly r

Damaged Multi-Degree-of-Freedom System

Recall the assumptions leading to Equation (40) Or 2 (x) ( ' 'r , n f ) (40)

they are: 2

1. Ignore phase relations where, in all cases, (xt) is defined as
2. Magnification products at different response acceleration.

frequencies are ignored In the case of random (case 3), response gRMS
3. All modes (frequencies) are lightly is defined as

damped %
4. Using discrete values of the input J

spectrum at the natural frequencies.. t n. r(4

At this point, we can summarize and list gRMS w°24r2 (

equations (21), (26) and (40) as follows: I aI r Mr

Case 1) Shock Qr2 g'jn fn 1)]12 r

nf
w(x,t) =,r P0  (x) Dr (t) (21) 2 "

r=1 wr r which includes all frequencies (w , fn) and
r modes -r (x) of the structural syitem under

consideration. Whereas, gR per mode or
we re = 1,2,...n frequency, which is computwas a first step

or toward the overall gRMS computation is

.n i
w'x,t)=rl P°or dr (x) D'r (t) (21A) S Vw (xtl

ra1 &" Mr ~

where Po or 112 (42)
o~ (t).- d2 g0 M , n )
r = (Dr(t) r r

(now in units of acceleration) By comparing Equation (42) to Equation (26A)
and in turn to (21A) we see that the onlyCase 2) Sine difference in the response of a multi-degree-
of-freedom structure at a natural frequency,

w nt O 'r 4(x) Hr Wtr, are the forcing function terms, that isw(x~t)- ,Ix H (0) f (t)(26) •

r-1 r Mr Case 1) Shock Ne

where: r 1 1,2 .... n D'r (t) (43)

or
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Case 2) Sine random analyses depend heavily on modal
damping assumptions for the accuracy of their

Q f' Mt) (44) predictions.

and Until that time that damping can be
determined accurately, prior to actual vibra-

Case 3) Random tion testing, the approach will remain
useful.

( g'in r Q)I/ 2  (45) REFERENCES

all other terms of the above cases, that is W. C. Hurty, and M. F. Rubinstein, "Dynamics
of Structures" Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1964.

o r r (x) (46)
w2 Mr M. F. Gardner, and J. L. Barnes, "Transients
r rin Linear Systems", Vol. I, John Wiley & Sons,

define a multi-degree-of-freedom system (as Inc., New York 1942.

opposed to a one-degree-of-freedom system) W. T. Thomson, Laplace Transforms (2nd ed.)
and are common to all gresponse solutions for Prentice-Hall, Inc., Englewood Cliffs,

shock, sine or random environments. New Jersey, 1960.

Equations (43) - (45) are nothing more than
the gresponse terms already discussed for a

simple one-degree-of-freedom system. Thus,
Fiure 5 is again directly applicable, for not
onmy a one-degree-of-freedom system but for
multi (complete structures)-degree-of-freedom
system as well. However, the interpretation
of Figure 5 must be modified. For a one-de-
gree-of-freedom system, Figure 5 presents the
"true" gresponse for shock, sine and random en-

vironsients. For a multi-degree-of-freedom
system, Figure 5 is not the final or "true"
analytical gresponse but must be modified by

Equation (46). Since Equation (46), is common
to all three sets of solutions (shock, sine,
random), Figure 5 is merely "off" by a constant
multiplier that can only be determined by
analyzing the structure in detail for all the
frequencies, modes 4 r (x),etc. that define a
multi-degree-of-freedom structure.

Using the analysis technique for Response %
Spectrum Analysis and saving the grms terms
at each natural frequency will then allow the
determination of "true" grms response for each

*. environment (shock, sine, or random), which
differ by a ginput magnitude difference de- %
fined and known via Equations (43) - (4S).

CONCLUSIONS-.

The above approach does provide the bene-
fits of time and cost savings, but is limited
by the assumptions required to derive the
approach. The application of the approach can
be verified early in the design, but requires
the capability to solve the dynamic analysis
"using a program that utilizes both approaches
form lated by Equation (29) versus Equation
(40) - the program "Stardyne", for example.

Although shock response Is little ef-
fected by assumed dampIng, both sine and

La %7%



VIBRATION TEST LEVEL CRITERIA FOR AIRCRAFT EQUIPMENT

Preston S. Hall
Flight Dynamics Laboratory

Air Force Wright Aeronautical Laboratories
Wriqht-Patterson AFB, Ohio

The Combined Environment Reliability Test (CERT) Evaluation
Program, conducted by the Air Force Wright Aeronautical Labora- J*
tories (AFWAL), utilized different methodologies to formulate
the vibration test conditions. The problems of mission
profiling the vibration environmental stresses are varied.
Each methodology is examined for ease of vibration test condi--I
tion formulation, utilization, and resultant reliability of the
specimens tested. A recommendation is made on vibration test
criteria for CERT based upon five years of experience and test
results.

INTRODUCTION Section II points out the problems of
mission profiling vibration environmen-

The purpose of the CERT Evaluation tal stresses as compared to other
Program, conducted by AFWAL, is to environmental stresses. This is
evaluate the effectiveness of CERT for followed by a description of the goneral
early identification of deficiencies and approach to vibration test condition
to provide insight into how the equip- formulation utilized for each of the
ment will perform in operational service three test sequences.
(Ref. 1). In this program, up to ten
different equipment items will be RELIABILITY TESTING VIBRATION CRITERIA
exposed to up to three different levels BACKGROUND
of environmental simulationj namely,
Full CENT, CENT Without Altitude, and After considerable concern was
MIL-STD-781C Appendix B (Ref. 2). This expressed regarding the reliability of
program is to determine the degree of avionics equipment used in high perform-
correlation between these three differ- ance aircraft, an investigation was
ent test sequences and the actual field conducted (Ref. 3) to determine how many
reliability in terms of failure rates avionic field failure. were environmen-
and modes, tally induced and the significant

environmental parameters affectir.g
Each of these test sequences utilized avionics reliability. The evidence was

different methodoloqies for the estab- conclusive that environments are
lishment of the test conditions. NIL- responsible for 52 percent of the
STD-741C Appendix B was the most avionics field ftaiures, with 90 percent
completely defined in terms of methodol- of environment related failures attrib-
oqy of determining test condition@, uted to temperature, altitude, humidity,
while pull rhRT and CERT Without and vibration.
Altitude made use of many readily
available tools much as analytical Traditionally, tests have not exposed
models, measured flight test data, or avioni -a equipment to realiati•" environ-
enqineering ludqments. mental stresses, thus contributinq to

the poor correlation between field and
This report focuses oni the rmthodol- laboratory failure rates and modes. The

oqies used to formulate the viibration AFWAL has conducted a number of reli-
conditions used durinq eacth teat ability tests using the fliqht profile
sequence and as..m. the imac(t or ,h- thevoricelt, designed around basie airraft
resultant reliability statistiis. missions, as a straightforwaard approa,'h
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to ido 'iil'y ftiilure modlts and ratios on namic pressure (q min) , and (4) averaqe
,dionir!c, ,(elilpment, in the 1aboratory aerodynamic pressure (q avg) (Ref. 4).
k'Hip.i rilite with field experionce.
)uriniq (the on-going CERT Evaluation Since the AFWAL CERT concept places
Pre(e cam, each engineer responsible for a explicit emphasis on realism, flight
t••;t in the program individually data were often used to generate vibra-
d&Cvc.]epc.d the flight profiles. In many tion spectra. Various sources of data
c-c,'n, Flight profiles were developed are available for obtaining flight time
uc;ing( measured data, analytical data, or histories of vibration, which can be
'a composite of both. Regardless of the matched very closely to characteristic
data source used, each engineer mission flight profiles. The disadvan-
attempted to develop profiles that were tage of flight data is that data may not
representative of the flight conditions always be available for a specific
that a piece of avionics would see in equipment location. Also, this tech-
service. nique may not be useful to generate

vibration spectra for equipment to be
As mentioned previously, the flight used in new aircraft for which no flight

profiles representative of aircraft data exists.
missions (combat, low-altitude bombing,

'training, reconnaissance, etc.) forms Another technique of generating
the foundation for the environments to vibration spectra used in the AFWAL CERT
which the avionics will be exposed. The program is analytical prediction. The
result is a very tailorable test with vibration prediction technique most
parameters traceable to characteristic commonly used was a computerized genera-
circumstances. The major environmental tion of vibration spectra that was
stresses that are used in the CERT developed by AFWAL/FIEE (Ref. 5). The
Evaluation Program are temperature, vibration spectra resulting from this
humidity, altitude, and vibration. Each technique are a very close approximation
environmental stress, with the exception of flight data and relates to specific
of vibration, would have a time varying aircraft, maneuvers, and equipment
profile that was directly related to the locations. The prediction technique
flight profile in time. Due to the requires the availability of a computer,
capabilities of vibration controllers, the prediction software, and aircraft
vibration profiles had to be structured parameters: aerodynamic distance of the
from multiple vibration spectra repre- avionic specimen from the aircraft nose,
senting various phases of the mission distance of specimen from skin, equip-
flight profile; for example, takeoff, ment weight, etc., along with specific
cruise, combat, and landing (Fig. 1) Mach-altitude combinations .nd straight-
The resulting vibration spectra require and-level or buffet turn mi.meuvers. The
two parameters, amplitude and frequency, computer software has the capability to
to define a unique vibration stress predict levels for only five fighter
(Fig. 2). During the CERT Evaluation aircraft. In order for this technique
Program, each test engineer selected one to be used on aircraft other than the
of the three techniques to generate the five preprogrammed, it is necessary to
vibration spectra. supplement the program with addttional-

information regarding fuselage bending
Since the CERT Evaluation Program was Mnodes and transfer functions describing

structured to compare the present the primary and secondary structures of
MIL-STD-781 methods with the AFWAL CERT the aircraft in question.
concept, the conventional means for
generating vibration spectra as outlined The commonality of all these methods
in MIL-STD-781C Appendix B was one of vibration spectra generation is that
technique used throughout the program. all are dependent upon Mach and altitude
The criteria used in the specification combinations. The spectra vary in shape
are very straightforward with just two and amplitude depending upon which
spectra shapes (Fig. 3) and two equa- technique is used. The methods used in
tions expressing the levels for the the AFWAL CERT concept generally
spectra. The equations are related to resulted in more tailored spectra shapes
the aerodynamic induced vibrations and which seemed to satisfy the desire to
the only information required is Mach, achieve a degree of realism. The
altitude, and equipment location (Table ability to time vary the spectra in
I). The Mach and altitude values, direct relation to the time varying Mach
obtained from the mission flight and altitude values of a mission flight
profiles, would be related to a specific profile is at present technically
portion of the profile instead of every impossible due to the limitation of the
instant of time. A maximum of four state-of-the-art for vibration control-
vibration levels will be determiied by: lers. With all these considerations
(1) takeoff, (2) maximum aerodynbmic kept in mind, the issue of concern is:
pressure (q max), (3) minimum aerody- What is required of test criteria to
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TABLE I -- MIL-STD-781C JET AIRCRAFT-RANDOM VIBRATION TEST CRITERIA

Aerodynamic Induced Vibration

NW) - K(q)l q - Dynamic Pressure (when q >1200 pst use 1200)

K Equipment Location

.67 x 10 Equipment attached to structure adjacent to external surfaces that are
smooth, free frou discontinuities. ON

S.34 x 10-' Cockpit equipment and equipment in compartments and on shelves adja-
cent to external surfaces that are smooth, free from discontinuities.

3.5 x 10-0 Equipment attached to structure adjacent to or immediately aft of
- surfaces having discontinuities (i.e., cavities, chins, blade antennas,

etc.).

1.75 x 10 Equipment In compartments adjacent to or immediately aft of surfaces
having discontinuities (i.e., cavities, chins, speed brakes, etc.).

SPECIAL CASE CONDITIONS %

Fighter Bomber

Condition/rquipment Location N0

Takeoff/attached to or in compartments adjacent to structure directly exposed .7
to engine exhaust Aft of engine exhaust plane (I minute)

Cruise/(same as above) .175

*Takeoff/in engine compartment or adjacent to enqine Forward of engine exhaust .1%
plane (1 minute)

Cruise/(same as above) .025

Takeoff, landing, maneuvers/winq and fin tips decelleration (speed brake) .1
(1 minute)

High q (, 1000 psf)/winq and fin tips .02
Cruise/wing and fin tips .01
Takeoff/all other locations (I minute) .002
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identify realistic failure rates and controller. With both analog and
failure modes in the laboratory? digital controllers, there exists a

noise floor or a level of vibration that
VIBRATION SPECTRA GENERATION is so low that the controller's signal

to noise capability is exceeded. The
Before an engineer can determine the manufacturer establishes a cut-off level

vibration spectra to be used for for a controller relative to its

combined environments tests, he must characteristic noise floor in order to
first examine the various mission/ assure good controllability. For some
environmental profiles that are cases in the CERT Evaluation Program,
possible for the aircraft/avionic the levels of vibration derived from
combination. Figure 4 shows a typical flight data and analytical methods have
logic flow diagram a test engineer may been below the cut-off level of the
use in establishing the test profiles controllers. A judgment must be made to
for a piece of avionics in a specific either eliminate vibration exposure
aircraft. An individual aircraft type during these periods of the vibration
is designed to operate within a specific profiles or choose some minimum spectrum
flight envelope and to fly specifically level that the controller could handle
determined mission profiles. These for the total mission.
design flight envelopes and mission
profiles should be utilized when formu- Economics is another concern if
lating the environmental profiles for a vibration requirements impose the use of
test. A number of mission profiles may more sophisticated vibration control
be possible for one aircraft type, but equipment. The developer of a piece of
statistically only two may be represent- avionics may find it economically impos-
ative of the aircraft's major life. sible to purchase a sophisticated
After the aircraft mission profiles have digital system in order to achieve the -
been determined for testing, the vibration requirements. The analog ¾
environmental profiles shall be controller is fine for vibration
generated and shall vary according to spectrum control; however, the major
the aircraft mission profile. As difference between it and digital sys-
pointed out earlier, the thermal, tens is that only one spectrum shape( can
humidity, and altitude test environment be effectively controlled per mission
profiles can have a one-to-one time simulation. Considerable time is
varying relationship with the aircraft required to establish a spectrum and
mission profile just as in flight, there is no convenient method of storing
However, aircraft mission profiles must multiple spectra that may be introduced
be analyzed by individual flight phases at various times to represent different
such as takeoff, climb, mission object- phases of vibration profile. Early
ive, descent, and landing to generate a tests during the CERT Evaluation Program
number of vibration spectra which, when used analog systems, as digital control-
exposed sequentially to the test speci- lers were not available. A single
men, would make up the environmental vibration spectrum was used throughout
vibration profile. After the test the test and the mean time between
engineer has determine what flight failures (MTBF) was in good oorrelation
phases significantly impact the test, he with field MTBF data (Ref. 7). r.
must determine the maximum, minimum, or
average conditions and Mach/altitude Under MIL-STrP-791 procedure.s for
combinations necessary to generate the establishing vibration spectra, a number
vibration spectra. The test engineer of the enqineering decisions are'
then makes another judgment as to eliminated and equipment limitations are
whether he wants multiple vibration nonexistent in the majority of cases.
spectra or a composite of several for By definition, the engineer is still *

the aircraft mission profile, required to give consideration to the *

various mission/environmental profiles
After determining the vibration that are possible for the adrcfrafte'fi v

must give consideration to test equip- and specifically desilnate~d fliqht
ment limitations. There exists a number mission profiles aire not ivailable, the
of ways to control vibration inputs, all generalized mission profile.I listed in

of which have their limitations. The Mll,-STD-7Hl( Append•ix 1 irt to he. used
devices to control vibration range from for levelopmi.nt of onv'ironmental pr(,- .
simple audio recording equipment to files.
extensive digital computer controllers
(Ref. 6). With redard to vibrit n• it. ri

ienerit tion, MT1-`'T'-7iM ' Ap',erindix A has ..
The minimum level of a vibration only', two sp,,trum sh,'en% anid the lv! '.e

spectrum is of concern for any vibration is depend,lnt upon Mach ',titutu.
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hmbination obta.inod from actual been completed on the AN/APX- 1I IFF
prof i 1t (data or (liven values in Appendix Transponder to A-10 mission profile
I (Tablics TI, HIT, and IV) (Mef. 4). A conditions, an additional series of test
cornstant. va]or also must be determined cycleswas to be conducted to Full CERT

rnom a choice of four values relating to criteria without the highly stylized
,quipment location. If the level for a computer predicted vibration spectra.
l articular phase of the vibration The test was to use MIL-STD-781C Appen-
"rofile is less than 0.001 g2 /Jlz, then dix B spectra, but the cut-off level
vibration exposure is not required, exclusion was eliminated, thus combining

the best practical advantages of AFWAL
The criteria in MIL-STD-781C give the and MIL-STD-781C methodolooies. This

test engineer the advantage of deter- would provide for vibration to be
n:ining numbers of missions, flight continuous throughout the test, but the
phases, and vibration spectra for new levels would never go below 0.001 g 2 /Hz.
avionics on new aircraft for which there This level was found to be greater than
,re no mission/environmental data. The the predicted tailored levels and
criteria also allow the use of analog measured data. The intent of using the
(!quipment to control the vibration simplistic vibration criteria, along
:spectra, since only one shape exists and with the other realistic environmental
levels are easily changed. Problems profiles, was an attempt to evaluate the
with control of extremely low levels are need for stylized vibration profiles and
,liminated, since the minimum cut-off the effect of vibration exposure time.
level in the test criteria is well above
the capability of most controllers. ANALYSIS

With the introduction of a cut-off The CERT Evaluation Program, to date,
level for vibration under MIL-STD-781C has tested six pieces of avionics. Each
criteria, the possibility exists that test has utilized at least two, and
the test specimen may not be exposed to sometimes all three, methods of generat-
vibration during considerable portions ing vibration spectra previously
of the tests. With the AFWAL CERT mentioned. In every case, the avionics
concept of testing, vibration is tested has had flight data available to
continuous during the flight portion of generate flight environmental profiles,
a mission as long as it is within were previously tested to MIL-STD-781B
controller capabilities. As previously or -781C, and field reliability data
mentioned, the number, shape, and levels (AFM 66-1) were available.
of vibration spectra used in this por-
tion of the evaluation program varied From available literature examined
for a number of reasons, but the (Ref. 9), it was found that the presence
,exposure time is continuous, or nearly of very low amplitude vibration for a
:1o. long period-af time does have a signifi-

cant impact on equipment life (Fig. 6).
The project engineer for the AN/APX- Even though these data are for a single

76 IFF Transponder test in the evalu- environmental condition, which is much
ation program examined the differences • less complex than combined environments,
between MIL-STD-781C and AFWAL CERT they still suggest the importance of
vibration in both time and levels (Ref. vibration-caused failures over a long
8). Figure 5 shows the difference in period of time, even at low amplEiiaues.
the two test concepts' spectra. During
AFWAL CERT, the straight-and-level At this time, testing of the APX-101
vibration spectrum was applied 63 to A-10 conditions is continuing with
percent of the time to the equipment over 1000 hours of ON time. Although
under test. "No vibration was applied tests have already been conducted on
19 percent of the time due to ground this equipment to Full CERT and MIL-STD-
park, and the maneuvering spectrum was 781C Appendix B, it is now being tested
applied 18 percent of the time. In a to Full CERT again but with MIL-STD-781C
MIL-STD-781C Appendix B test, due to Appendix B vibration spectra in lieu of
level cut-off limitations and ground the highly tailored spectra. In cases
park, no vibration would be applied 70 where the vibration level was calculated
percent of the time, W0(max) two percent to be below the standard's cut-off level,
of the time, W0 (min) eight percent of vibration was to be continuous over that
the time, and W0(avg) 20 percent of the range at the cut-off level. Although
time. Therefore, severe vibration is the level may be higher than actual
applied to the equipment for 12 percent field conditions, and the findings in
more time in MIL-STD-781C Appendix B the referenced literature (Ref. 9) is
testing than in AFWAL CERT." (Ref. 8) true even in combined environments

cases, then the failures may propoqate
After the original three test at a faster rate and then level off. It

sequences in the evaluation program had was indeed found in the modified AFWAL
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TABLE II -- TYPICAL MISSION PROFILE - AIR SUPERIORITY FIGHTER

Flight Mode Test Phase* % Time Altitude Mach
(1000 ft) Number q (psf)

Ground Runup (no AB) A,F 4 0 to 0.5 0 - J(with AB) 1

Takeoff B,G 5 0.5 to 1 0 - 0.4 -

Climb (to 40,000 ft) B,G 8 to 40 0.6 245

Cruise (500 ft) C,H 6 .5 0.8 900

(20,000 ft) 5 20 0.9 550
(40,000 ft) 40 40 0.9 225

Acceleration C,H 4 40 to 50 1.7 620 •

Combat (500 ft) C,H 1 .5 0.85 900
(5,000 ft) 1 5 0.9 1000
(10,000-40,000 ft) 2 10 to 40 2.0 1800,

(50,000 ft) 3 50 2.5 1180 e

Descent D,I 8 40 to 3 0.8 445

Loiter D,I 8 3 0.4 200

Landing D,I 5 3 to 0.5

See Fig. B-1 of MIL-STD-7 1C Appendix B.

TABLE III -- TYPICAL MISSION PROFILE - INTERDICTION FIGHTER
'.1:

Flight Mode Teat Phase* Time Altitude Mach q
(1000 ft) Number q (psf)

Ground Runup (no AB) A,F 4 0.5 0 -

(with AB) 1 0.5 0 -

Takeoff B,G 4 0.5 to 1 to 0.4 -

Climb (to 35,000 ft) B,G 5 to 35 .0 245 '.

Cruise (500 ft) C,H 27 .5 0.8 900
32 35 0.9 280

Acceleration C,H 3 35 to 50 1.7 620

Combat (500 ft) C,H 2 .5 0.85 900 %
(10,000-35,000 ft) 1 10 to 35 2.0 1800
(50,000 ft) 4 50 2.5 1180

Descent D,I 6 40 to 3 0.8 445

Loiter D,I 7 3 0.4 200

Landing D,I 4 3 to 0.5

gee Fig. 1-1 of MTL-.9TD-7hir Appendix B.

TABLE IV -- TYPICAL MISSION PROFILE - TRANSPORT/CARGO AIRCRAFT 4.M,

Flight Mode Test Phase* Time Airspeed Knots** q (psf) 'P .&,

Ground Runup A,F S J-d
Takeoff/Climb RG S to 260 200

Cruise Hig(h Altitude 16K C,H 70 240 210
Medium Altitude 22K S 2lýo 2215
Low Altitude 1K 10 1%0 400

Descent' Land DI 14ol 100

*See Fiq. %-I of MYI.-A'PT- C Apendix R.
"*Knots Equivalent Airspeed.
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Ii-RT t(',!;t thI.4t t(1 on ly two portion of a reliability test. With ji
ýi, lure!; tounl to date were discove rid simplistic approach and yet technical]y

I t he f it I:;! tk'!At cycle. correct to generating vibration spectra
for a reliability test, the resulting

I 1th•to(h t h•,;, data are not cnough to data are trackable and confidence
,1 o0 v w cmi1 support to the vibra- increased for procurement buys of
t i, se, they also do not refute the avionics equipment.
k-1 lim lor siml)her test criteria. What
i; imlplied, though, is that the payoff REFERENCES
t urini the MIL-STD-781C vibration
!:p' l-t rum for CERT may be less expensive 1. "Combined Environment Reliability
in tes;ti.nq, increased ease of implemen- Test Evaluation Program Plan," Jun 76,
tai ion, and better test results over plus revision dated 1 Nov 77.
pruent MIL-STD-781C criteria. The test
re- ýults still must have additional data 2. Scott, R., Captain, USAF, "Joint
to increase upon confidence of the ASD/AFWAL Combined Environment Reliabil-
pi:liminary results. ity Test (CERT) Evaluation Program,"

Proceedings of 24th Annual Technical
Considerable savings in testing would Meeting of the Institute of Environmen-

be the result if laboratories and tal Sciences, Fort Worth, Texas, Apr 78,
manufacturers did not have to obtain pp 34-37.
additional peripheral test equipment and
software to generate highly sophisti- 3. Dantowitz, A., Hirschberger, G, and
cated tailored vibration spectra. Pravidlo, D., "Analysis of Aeronautical
Finally, since the random vibration Equipment Environmental Failures,"
spectra in MIL-STD-781C are commonly AFFDL-TR-71-32, May 71.
use-d and accepted, then continued use of
sone form of these spectra may result in 4. "Reliability Tests: Exponential
le:;s confusion for future test concepts. Distribution," MIL-STD-781C, 21 Oct 77.

CONCLUSIONS AND RECOMMENDATIONS 5. Sevy, R., and Haller, M., "Computer
Program for Vibration Prediction of

From the tests run to date for the Fighter Aircraft Equipment," AFFDL-TR-
CERT Evaluation Program, it is apparent 77-101, Nov 77.
that continuous vibration throughout the
test mission may contribute to-&-strong 6. Polallus-r-Rj., and Hlirschberger, G.,
degree the good correlation between "Interim Report Utilization of Taped
field and laboratory MTBF of internally- Random Spectra for Vibration Testing,"
carried aircraft equipment. With the Grumman Aerospace Corporation.
variance in engineering judgments made
in the generation of vibration spectra 7. Prather, D., and Earls, D., "A
(numbers, shapes, and levels), it Flight Profile Combined Environment
appears that highly tailored vibration Reliability Test of the AN/APQ-14 ... --
spectra are not technically or Terrain Following Radar System," AFFDL-
economically necessary to achieve TR-76-20, Mar 76.
realistic results. On a limited basis,
it has been shown that with continuous 8. Stanczak, E., "An Evaluation of the
vibration to MIL-STD-781C spectra, Combined Environment Reliability Testing
equally good data correlation exists as of the RT868A/APX-76 IFF Interrogator.
did testing to a stylized profile in the Receiver-Transmitter," AFFDL-TR-77-132,
APWAL CERT concept. Dec 77.

If AFWAL CERT vibration testing were 9. Kobe, F., and Hirschberger, G., "An
performed using the spectral shapes of Investigation to Determine Effective
MIL-STD-781C Appendix B, it is felt that Equipment Environmental Acceptance Test
CERT would be more widely accepted for Methods," ADR 14-04-73.2, Apr 73.
economic and simplicity reasons. The
stipulation in MIL-STD-781C Appendix B 10. Prather, D., and Burkhard, A.,
criteria of no vibration exposure for "Combined Environment Reliability Test
levels calculated below 0.001 g 2 /Hz of the CN-1260/ASN-90(V) Inertial
should be eliminated. Instead, vibra- Measurement Unit," AFFDL-TR-79-3043,
tion exposure should continue at 0.001 Apr 79.
g2 /Hz until a phase in the mission
profile requires a higher level. The 11. Earls, D., "An Experimental
need for highly sophisticated vibration Combined Environment Reliability Test
controllers, digital computers for of the AN/ARC-164 Radio Set," AFFDL-TR-
spectra generation, and extensive 78-127, Oct 78.
software/programming would not be'
required to perform the vibration 12. Hart, D., "A Test Plan for
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Comined Environment Reliability Test
for the APX-101 Radio Receiver-
Transmitter," 25 Jul 78.
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COWSERVATrSM N LZAST FAVORABLE RESPONSE ANALYSIS AND TESTING

Thomas L. Paez
The University of New Mexico
Albuquerque, New Mexico 87131

A structural shock test is conservative when it excites a
more severe response than the input which it is meant to
represent. We can measure shock signals from random sources
in the field and use these to generate a shock test. If a
structure survives this test then there is some probability
that it would survive shocks generated by the random field
sources in the future. This probability depends on the ran-
dam shock sources and the degree of conservatism inherent in
the shock test specification technique. In this paper we
demonstrate a procedure for omputing the probability of
shock test conservatism for tests generated using the method
of least favorable response. Several numerical examples are
presented.

1.0 Introduction favorable response(6). This method can be used
analytically or in the laboratory and is guar-

To obtain adequate designs for engineering anteed to provide tests which are conservative,
structures we analyze structural models and test at least in one sense. The method is based on
structural prototypes in the laboratory. In analyses by Drenick and Shinozuka given, for
order for a design to be optimal, in mome sense, example, in References 7 and S. When the
it is desirable to teat a structure using an in- impulse response function, or equivalently the
put which is conservative, but not a severe frequency response function, is available be-
overtest. In this study we say that a test is tween a point of interest on a structure and
conservative with respect to a field input when the input point of the structure. and when we
it excites a structural response which is more know the real function which envelops the mod-
severe than the response excited by the field ulus of the Fourier transform of all possible
input. In the course of this investigation four inputs which might excite the structure, then
reports (1-4)* have been written dealing with the method of least favorable response can be
the conservatism in shock testing where tests used to find an upper bound on the response
are specified using the method of shock response which the point of interest on the structure
spectra. Me found that the method of shock can realize. We use this in the analysis of
response spectra can be expected to provide con- structural peak response. In the laboratory
servative shock tests when used properly. But the least favorable response is generated exper-
the method is certainly not guaranteed to pro- imentally, for example, by testing the struc-
vide conservative shock tests in any sense. tural unit on a shake table. If the structure
Situations can arise where a structure is siq- survives the laboratory test, than we assume
nificantly undertested even though its test has that it could survive any input in the class of
been properly specified using the method of inputs whose Fourier transform moduli are
shock response spectra. More commonly, tests enveloped by the function used in the analysis.
specified using the method of shock response In all the analyses performed in this paper, it
spectra a" found to overtest structural comps- is assumed that an accurate estimate of the
nents(S). system frequency response function is available.

Another method available for the specifi- The problem with the method of least favor-
cation of shock tests is the method of least able response arises when we wish to use the

technique to prove the capability of a structure
to survive loads from a random source which will'eners in brackets refer to a list of refer- be applied at some time in the future. In this

ences appended to this report.
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situation the loads applied in the future are
independent of those measured in the past and R(w) f h (t) e(t dt, . (2-2)
used to specify the test. The loads generated
in the future may be much more severe than those
measured in the past. In view of this we depend This can be written in terms of its modulus and
on the inherent conservatism of the method of phase as
least favorable response to assure that a test
is conservative with respect to future inputs.
It is assumed that the random shock signal 3(w) - I(w) I i(w) Iwi (2

sources which will excite a structure in the where # (w) is the complex phase of the frequency
field have characteristics which can be esti- response function. When both sides of Equation
mated based on past measurements from the ran- 2-1 are Fourier transformed we obtain
dom sources. In this study the expression "ran-
dom shock signal source", refers to any random Y(W) - H(w) X(w) , cti a , (2-3)
process forcing function generating phenomenon where
whose probabilistic characteristics do not
change. For example, the random forcing func- Y(W) - Y(t) •-"wt dt, JJw c - , (2-3a)
tion inputs which are generated at the base of J
a mechanical component during first stage sepa-
ration when a particular type of missile is
flown n times, come from one random shock signal X(w) - X(t) •-±t d , lea ( - (2-3b)

The objective of this study was to analyze are the Fourier transforms of the linear system
the inherent conservatism of the method of least response and the acceleration input, respec-
favorable response, and in this report we demon- tively. Through inverse Fourier transformation
strate a technique that can be used to do this. of Equation 2-3 the system response can be
First, we review the method of least favorable expressed as follows.
response and show how it is used analytically
and experimentally. Next we develop the tech-
nique used to measure the conservatism in a ) -( X(W) •iwt • t > 0 ,(2-4)
least favorable response test. Finally, we Y -t) f H ( W -

apply the method in some numerical examples
where we measure the degree of conservatism in where we have assumed the system initial condi-
the tests of some specific structures. tions to be zero. The absolute value of the

2.0 The Method of Least Favorable Response system response as a function of time is

The method of least favorable response IY(t) I . 1 H(w) X(W) a d, (2-4a)
(LFR) is a technique that can be used analyti- 2t 0
cally to find an upper bound on the response at
a degree of freedom of a linear structure for a The absolute value of the system response is
class of shock inputs. When the following two bounded by
items of information are available we can obtain
this upper bound. First, we require the impulse a JY~t) J L - -maxw I YXw (t)function at the point of interest on the struc- tw J
ture when excited at its base. For present pur- (2-5)
poses we require only that an acceleration input
impulse response function be specified. In this On the left-hand side we write the expression
analysis we will consider only single source for peak response since the quantity on the
base excitations, and we will consider the out- right-hand side is a constant, independent of
put at a single structural point. Second, we time. The quantity, I, is known as the least
require a function which envelops the moduli of favorable response for the input, X(t). The
the Fourier transforms of all inputs which quantity, I, is a structural response which is
might possibly excite the structure. We use as great or greater than the peak response ex-
this information in the following way to obtain cited by ge(t).

the LFR. Let h(t) be the impulse response func-
tion described above, the response, Y(t), to If a number of inputs from different
an acceleration input R(t) can be written using sources will be used to excite the structure,
the convolution integral, and if several realizations of the acceleration

t input from each source are available, then we
h(t - (T) dt , t 0 can compute a LFR for these signals. To be pre-
ht - (2-1) cise, we denote an acceleration input, X (t),

0ý - l,...•,N, k = 1,..... , t > 0. ThisjIs the
The frequency response function, H(w), of the Jth input from the kth source. We compute asystem is defined as the Fourier transform of fsthe mpuse rspose fncton.function, X (w), which is the exact envelope of
the impulse response function. the complexemoduli of the Fourier transforms of

all these functions as follows.
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X(u) M ax Ix ( I ( W ) , (2-6) where 4(w) is the complex phase of the frequency
JAk response function of the system under consider-

ation. When XM(•) assumes the above form the
structural response at time, t = t , will equal
I. The complete time domain test input can be
obtained by inverse Fourier transformation of

XJk ),k t) *-imt d Equation 2-11.
40-L /" i(WCt'to)*()

XT(t) =?~ xe• •d
21r e

kul,...,N t > 0 . (2-12)

IWI < - (2-6a) The procedure outlined above can be used to

Now a bound on the structural response corre- obtain an input for use in the laboratory.

sponding to all these inputs can be obtained as When applied to the structure the input will
excite the least favorable response. The test

Lm input obtained above is known as the least
max JY(t)J f J X%(w) tE(CJ) Id favorable input.

t2v (2-7)
3.0 Least Favorable Response Test Conservatism

The quantity, I, is a response which is equal to
or greater than the system response which can be The method of least favorable response

excited by any of the Individual inputs, X (t), (LFR) can be used to obtain a bound on the

S ,...,N, k - .. ,. The number, 01. response of a structure when a collection of

the least fAvorable response for this collection measured inputs is available. And it can be

of inputs, used to obtain a test input which, if the struc-
ture survives, proves the capacity of the struc-

When shock records from a number of sources ture to survive those inputs. But the method of

are available and when a structure will be sub- LFR does not prove the capacity of a structure

jected to inputs from these sources, then a con- to survive inputs which will be generated from a

servative value of the response can be obtained random source in the future. This is clearly

analytically as shown above. A shock test which impossible since the structural excitations

is conservative with respect to the inputs, which come from a random source in the future

X (t),j1,...,.,k 1 -,... ,N , can be may be much more severe than any which came from

olained in the following way. Let .(t) be the that source and were measured in the past. In
test input, and let X(s) be its Fourier trans- view of this, there exists only sohe nonunit

form. probability that a LFR test, which is based on
past, measured structural excitations, will be

X(us) RTt eusi inteftr.d hiteto edfn conservative with respect to inputs generatedXT(• f t "u t ~ in the future. In this section we define a

(2-8) means for finding the probability of LFR test
conservatism under different sets of circum-

The test response excited by the test input is stances.

M We analyze the conservatism of a LFR test

YT(t) m f (W) H(W) •iht a , d in two situations. The first situation is rel-
atively simple and specialized. The second sit-

uation is very general, and includes, among

t > 0 * (2-9) others, the first situation as a special case.
"The elementary situation is that in which a

We can force the test response to assume the single input measured from a single random

value, 1, from Equation 2-7, at a time, t - to, source is used to specify a LFR test for a

if we set structure which will be subjected to one expo-
sure to that source in the field. The second

" iust more general case is that in which one or more

) (e 0 random signals measured from several sources
_T0 W C _ (W] H(W) _d I are used to obtain a single LFR test, and the

test will be used to prove a structure which

t 0 (2-10) will be subjected to one or more exposures from
"0 each random source in the field.

The right-hand equation can be satisfied by
taking XT(w) as In this investigation we consider two ran-

dom shock signal sources. Both random sources .k
"( ) 0) .are characterized in the following way. Let %

XT () X W) e ,iX(t), Iti < -, denote the continuous parame-
tered, continuous valued random process to be
used in the study. X(t) is defined by
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2(t) - )(t) X I) , ti <' (3-1) IH(M)I. That is, we let

where X (t), Iti < -, is a stationary normal Jn(OI ) I S•

random .rocess with zero mean and spectral den- (e) I "
sityI

S (W) - So IWI! - (3-1a) +- - Iw! _w ÷
0 2 2

The function e(t) takes the two forms elsewhere

ea(t) = H(t) - H(t - T) ,

Itl - , T > 0 (3-2a) (34)

and where

e2(t) = Aa-t H(t) LAw1 - 4 (2/t) , I ,...L

Itl < a , > 0 (3-2b) (3-4a)

where H(t) is the Heaviside unit step function, and wt and cl, 9 = l...,1 are, respectively,
and A, a, and T are constants. This is a maps- the modal frequencies and damping factors for

the modes excited by the input. M is the number
rable, nonstationary, normal random process. of structural modes excited by the input. Ht is

In the following we develop a methodology the height of the frequency response function

for approximately determining the probability curve at the modal frequency, w•. The approxi-

that a shock test is conservative when it is mation actually provides an upper bound on the

specified using the Ll method. When I is a value of I when used in Equation 3-3. The der-
LIP based on a collection of inputs from differ- ivation of this approximation is given in Appen-

ent random sources, this is simply the proba- dix A of Reference 13. This approximation takes

bility that I, as computed in Equation 2-7, is advantage of the fact that the modulus of the

greater than each of the peak structural frequency response function of a lightly damped

responses excited by a random input from each of system is relatively large near the system modal
the underlying sources. To find this probe- frequencies and relatively small elsewhere.

bility we must find the probability distribution Using this approximation, the LFR can be written

of the LFR for each of the situations described an

previously. Further, we must find the peak W +Am /2
response probability distribution for a degree I JXM) d .
of freedom on a multi-degree-of-greedom (MDr) 1 •
structure for each of the inputs described in f1 116L/2
Equations 3-1 and 3-2. The random variables
representing the III and the peak structural
responses are independent since they correspond (3-5)
to shock events occurring at different times.
In view of this, the marginal probability den- This shows that the LI can be approximated as
sity functions (pdf) for these random variables the sum of N random variables, each having the
provide sufficient information to compute the form
probability of test conservatism. Therefore, *÷*4 ./2
in the following we will develop approximate C 6
probability distributions for the LlP 1, and Da L1(w)! daai,
the peak response of a MDF system to a random f -AN/2
input.

We will first show that the LFR has an £ - l,...,N , (3-6)
approximately normal probability distribution.
Initially, we consider the single input case. where H is a constant. It is clear that if the

The formula for the LIP given in Equation 2-5 collection of random variables, Dt, It ,...,M,
is repeated here, is large enough, and if no single random vari-

able dominates over all the others, then the
* Central Limit Theorem requires that the distri-

= f JN(W) I JX(.)I (3-3) bution of I must approach the normal distribu-
-. tion. In practice, even if the sum in Equation

3-6 is composad of very few components, the

where JH(w)I is the complex modulus of the fre- probability distribution of I will be nearly

quency response function of the structural sys- normal. In this analysis we assume that the

tern, and 1X(w)j is the complex modulus of the probability distribution of I can be taken as

Fourier transform of the input. We can simplify normal in all cases, even when M - 1. The rel-

this formula by using an approximation for son for this is that the random variable
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I +AmA/2 With the information provided above we can
find the mean and variance of the random vari-

,IX(N) do ables Di, Z - l,....M. They are

*[D,. (3-7) ZED I I . I E[D;], £ = - ..... , (3-10a)

2 V[D, *1 1 , (3-10b)
has a nearly normal distribution, itself. This V[DI] = l,... .

arises from the fact that the integral can be
written as a sum of random variables, 1X(w) !, Finally, we assume that the random variables Di
and, again, from the Central Limit Theorem, the and D are uncorrelated for I vi J. This is a
distribution of a sam should approach a normal reasogable assumption when the structural modes
distribution. are widely separated, i.e., when there is little

or no overlap of modal bandwidths. With this
In view of the above assumptions we need assumption we can write the expressions for the

only to estimate the first two moments of D1., mean and the variance of the LFR, 1. These are
1"l,...,M , to completely specify the distribu-

tion of the LFR, I. In all cases, the first two 1 [
moments of D; can be approximately computed. In t[I] * UI EID (3-11a)
this section we will write the expressions for Lai

the moments of Dt, and in Section 4.0 we will
derive computational formulas which can be used 2 1
in a numerical evaluation of the ents. The V[11 - - V ED, . (3-llb)
man of D* is defined (¶) 31

Given the moments of the LFR, I, we can now
+ / L write the cumulative distribution function (cdf)

E[D;] op E[IX(w)I) d , for I. It is

3 l..,M,(3-8) P (o) (3-12)

whore EIJX(w)JJ is the mean of the modulus of
the Fourier transform of the random process, where (') is the cdf of a standardized normal
i(t), and usually varies with frequency. The random variable. The cdf described in Equation
Fourier transform is defined 3-12 characterizes, approximately, the random

behavior of the LFR, I, when I is based on one
- random input. ,

X( dt , *-t < m To determine the probability that a LFR

shock test based on one random input is conser-
(3-Ba) vative we must determine the probability dis-

tribution of the peak structural response
Once the expression for Illx(w)I] has been spec- excited by a shock signal from the random
ified, the mean of D can be easily computed, source used to derive the test. The technique
either in closed form or numerically. The anal- used to do this, approximately, is given in
ysis where we obtain Z[DC] for the random proc- Appendix B of Reference 13. The technique is a
esses defined in Equations 3-1 and 3-2, is standard numerical, Poisson process approach,
deferred till Section 4.0. The variance of Dt described, for example, in References 9 and 10.
can be empressed We will denote the peak response random vari-

able, A, and its pdf, pA(a). The probability
v &.+Am,/2 w +Am.1 /2 that the LFR shock test is conservative, p , is3 . co.Aw1 /2 the probability that I is equal to or qreaier

V; -A.12 Jw 1 h•./2 1 than A. This can be computed from

11(V )1~) d"l do2  (39 f [f p(a) PA (a) ia] del, (3-13)

where covIlxf)l, IX(w 2)Il.i the autocovariance
function of the Fourier transform of the random where P (O) is the normal pdf of the LFR random
process, i(t), evaluated at frequencies w and variable, 1. The product of the pdf's of the. This can be evaluated once the autocivari- random variable p I and Ao is used in this

ace function is given, and a technique for expression since the LFR and the peak response
approximating the autocovariance function for excited by different random inputs are inde-
the random processes defined in Equations 3-1 pendent. As shown in Reference 13, the probe-
and 3-2 will be developed in Section 4.0. bility law governing the peak response is not

normal. In view of this it is probably only
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possible to obtain a good approximation to Pc where MXlk (w) j is the complex modulus of the
by using a numerical integration. However, we Fourier Xransform of the signal, 21Ct), and w,

can also make the assumption that the random Fui ir1... orm ar the modalf o (t e awn

variable, A, is approximately normally distrib- system under consideration. The reason we are
uted to compute pc using a simple formula, interested in finding the probability distribu-
When this is done we obtain tion of each random variable, Di k, is that the

LFR is based on these quantitieP. In fact,
fron Equation 2-6, it is apparent that the(31) largest of the values, D*.., j ' 1 ..

1k = ,...,N , governs th component of e LFR

integral in the frequency range, (w{ - /2,
+ + &W'/2).

where ua 2nd a are the mean and variance of the Let us define the random variables Z,

peak reponse hf a structural system to one of L 1,....M , as follows.
the random inputs defined in Equations 3-1 and
3-2. The means for obtaining these parameters Z - _ 0 , m • , . ,m M (3-16)
is given in Appendix B of Reference 13. In Sec- Jk DkL
tion 5.0 some numerical examples are worked to
show the probability of conservatism in some Then based on Equation 2-7, and using the
sample cases when one input is used to derive a approximation in Equation 3-4, the LFR is
shock input. We expect that if p is relatively
high, say, greater than 0.99, then the degree of 1 M
conservatism inherent in the method of least IH Z (3-17)
favorable response is high.

It is possible to obtain the probability of This is the LFR derived from the inputs X( t), V
conservatism of a shock test in a more general j = 1,...,N , k - 1 .... N , Itl < -. To And
situation. For example, we can find the proba- the probability distribution of I we mast find
bility of conservatism of a shock test when sev- the probability distribution of the largest of
eral excitations measured from one random source the values D , j ,...,N , k l,...,N. 14%
are used to derive a shock test for a structure This is Z - JTWis distribution is an extreme
which will be subjected to one input from that value distribution. We have already established
random source in the field. Also, in the field in Equations 3-6 through 3-9 that each random
a structure may be subjected to multiple expo- variable, D. , is normally distributed. More-
sures from a single random source, and several over, we wif t show in Section 4.0 how the
excitations measured from that source may be moments of D. can be obtained, in practice.
used to obtain the test input. We can obtain Based on thixwe can find the desired extreme
the probability of conservatism in this case. value probability distribution. In Appendix C
Most generally, in the field a structure may be of Reference l3we derive the formulus for the
subjected to one or more exposures from one or cdf of the largest value in an arbitrary collec-
more random sources, and the shock test may be tion of random variables. By arbitrary, we mean
based on one or more measured environments from that the collection can contain random variables
each of the random sources. We can estimate the representing as many different random shock
probability of conservatism of the test in this sources as desired, with as many inputs from
case. We use the general development presented each source as desired. The results given in
in the previous part of this section to compute Reference 13 can be used to find the pdf of Z%.

these probabilities of conservatism. We will We denote this pq1 (z). This can be used to find %

consider the most general case first, and then the mean and varfance of Z using the standard
we will discuss specializations of this approach formulas.._
to other cases.

We wish to find the pdf of the LFR, I, when E[Zi I1 z p (z) dz,
the LFR is based on several random inputs from a 0 I
number of sources. We denote the ith input from
the kth random source as Xjk(t), J - 1 .(3-1a)
k - ,..., Itl < -. As in the previous anal-
ysis we are interested in finding the probabil-
ity distribution of the random variable VIZ f (z - E[Z£)) 2 p2 1z) d ,

0 AZ() f
L /I J .- I .. ,

* Dk, Ix (w)l dw *k w 1...N ± ,. d (3-l8b)
k - t L a,...,M We note that the probability distribution of Z

is usually nonnormal.
(3-15)

Using Equations 3-17 and 3-18 it is now
possible to compute the moments of the LFP, when
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the LFR Is based on the inputsei (t), j = 1, derived from the inputs, jk(t), j = Nk
S.... N6 , k - 1,...,N , ltl '-. 'be first two k -1. . ' ItI - .is<

moments of I are

+[Z] - U I Np, Z ,Zjt (3-19a) PC 0 Z "A (3-21)
2-1 ~W2 -2 -1

2 1v l (3-19b)I Y
1 ()2 2I! 2

where "i and or come from Equations 3-19a and

As before, we have assumed that the random var- 3_19b n Secion 5.0 some numerical examples
iables Z and Z are independent for j 0 L. are worked to show the probability of conserva-i Ibestism in some sample cases.

Since the random variables, Z., I * l,...M, Some special cases arise in the applica-
are not normally distributed, the LFR, I, is not tion of the above formulas. Note that the col-
exactly normally distributed. However, the LFR
is the sum of M random variables. If the number lecton of random inputs is given by, k
of modes, M, is large enough, then the random 1 l.... "k , k - 1.. Iti < -. 1,con-
variable, I, will have a distribution which is sider one input each, from several random

approximately normal, if no single mode domi- sources. we :et Nk - 1, k - 1,...,N. When sev-

nates the sm in Equation 3-17. In this analy- eral random inputs from one source are to be
considered, we set N = 1. Finally, the case

e1considered in Equations 3-3 through 3-12, i.e.,o
normal distribution and its moments are givenwhen
in Equations 3-19a and 3-19b. We write the cdf Nt oNe iN
of I as k

4.0 Computation of Least Favorable Response
Is 1,Parameters p'

1P I (a) , , - < a < ( .3-20)
S-.-In the previous section we developed for-

mulas to compute the probability that a LFR
This cdf characterizes the random variability of test is conservative. The usefulness of the
the LFR which is based on the collection of in- formulas we developed depends on our ability to

t t jk 1
(t)...k , k - 1,...,N , obtain a complete description of the probabi-

S -. listic character of a random process which is
defined as the Fourier transform of a real ran-

To determine the probability that the LFR dom process. In this section we consider the
shock test based on the inputs listed above is problem of characterizing the probabilistic
conservative, we must know the probability dis- behavior of the Fourier transform of a real ran- %
tribution of the largest structural response dom process. This is important since it sup-
excited by the collection of inputs. In Appen- plies the information required to use Equations
dix B of Reference 13 we derive the probability 3-8 and 3-9 in Section 3.0. We consider the
distribution of the peak response excited by a random processes defined in Equations 3-1 and
single random input. We used this to find the 3-2, and for convenience, we repeat their defi-
moments of the peak response, earlier, and we nitions here. These random processes are
used these, along with a normal assumption, to denoted, XMt), Iti < -, and are defined by
find the probability of test conservatism. In
the present case we must describe the peak X(t) ( e~t) X0 (t) , ItI < , (4-1)
response excited by a collection of inputs
applied separately, at different times. To do where the function e(t) takes the two forms
this we assume that the individual peak response () t -
(response excited by a single input) probability e1 (t) I 1(t) - Hit - T)
distributions are normal. Then we find the
extreme value distribution for the greatest ItI < - , T > 0 (4-2a)
response excited by the entire collection of
inputs. These analyses are performed using and
the approaches of Appendix B and Appendix C in -at
Reference 13. Finally, we find the mean and e 2 (t) H Ae H(t) ,

variance of the highest peak response excited
by the collection of field inputs, and we ItI < M , a > 0 (4-2b)
assume, an before, that this random variable is
normal. We use this information, along with Xo(t) is a stationary, zero mean, normal random %
Equations 3-19 and 3-20 to find the probability process with spectral density,
o5 test conservatism. Let EIA] = ,. and VIA) -
o be the mean and variance of the gighest peak S(,) - so, < (4-3)
r~sponse excited by the field inputs. Then the
Conservatism probability, pc, of the LFR test 1(t) is the Neaviside unit step function, and

A, a and T are finite constants. The Fourier
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transform of X(t) is defined processes, XC(w) and X I(w). First we obtain
the mean of the random process IX(w)I. For
simplicity of notation, we will denote the ran-

XC) at f(4)- 4 dom process, X.(w), evaluated at frequency, w,
X 6) - f M "ft by X , and we Qill denote the random process,

X_ (01, evaluated at frequency, w, by X2 . X, and
X2 are normal random variables with zero mean,

This function is a complex valued random proc- identical variances, 0 2 , and correlation coeffi-
eon, X(.), IwI < -, with continuous parameter, cient, p . (The values used for the moments
-. This Fourier transform random process will will be sIown to be reasonable, later in the

always exist, in a mean square sense, as long analysis.) We wish to find the following
as the restrictions on a and T are satisfied, expected value.
The Fourier transformation converts the real
valued random process, X(t), into a complex ývalued random process, X(.). E[X() I] a E , (4-7)

We can express the random process, XC.) in
a form which sheds more light on its fundamental By definition this is
character; that is

E[IX(•C)I
X(.) - X(C) ÷ iX1 (•)) , +II i -, (4-5)

where dxf d 1 fa dx2 V x 1 2P( x , 2)

",(-) - f " Xt) Cos Wt dt , IwI < (4-5a) 
(4-8)

-. where p(x ,x ) is the joint pdf of a pair of

and normally Aisributed random variable.. p(xlx 2 )and is given by

X,(i) M- f o X(t) sin wt dt , (4-5b) p(x.,x 2) .a
2w2

IWI- <12

Apparently, the Fourier transform of the random [ 21
process, X(t), consists of real and imaginary exi 2 2 ) 2 2+ 2
parts, X .W) and XI (.w). Each of these parts is 22( - 012)
a nonstationary, normal random process with
parameters which depend on, and can be derived - * < , < c a (4-6a)
from, the parameters of the random process, 2
X(t). The complete probabilistic character of
the pair of random processes X_ U) and X_ C), We evaluate the integral in Equation 4-8 using
,'l < -,can be fully described with the mean and the following approach. Write the exponential

autocorrelation function of each random process, function in the joint pdf as a function of o12,
and the cross correlation function between the
pair of random processes. The reason for this 1
is that XC.) and XI),, I-I < -, are normal f(PO) - xp 2 (b - op
random processes since they are defined using 12 - 212 121
linear operations on the normal random process, 12
x(t), ItI < -. Later in this section we will
derive these moment functions for the component (4-9)
random processes, X C,) and XK(C).

R I where
The modulus of the Fourier transform of the,

underlying random process, i(t), is given by 12 2 - 2

2a2 1 2 c 2 .

2xf 2~TT x c Iwj < (4-6) (4-9a)
This function can be approximated using its Tay-

This is a continuous valued, continuous parame- lor series expansion.
ter random process. We wish to find an expres-
sion for the mean and autocovariance function p1 2  0)
of this random process. Once obtained, these f(p 1 2 ) a -f (0) 12
can be used in Equations 3-8 and 3-9 in the 10 12 0
previous section. These can be obtained in
terms of the moment functions of the random 101 2 1 < I • (4-10)
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And when I.,IoI is relatively small this series small Io 1. As 0l2 approaches zero this mean
is accuratei9 approximated by its first three approachW the value
terms.

2 -[XW 13 4 (4-15)P'I2
f(, 1 2 ) 2 -f(O) * 1 f'(0) ÷* - f"C0),'•4

The mean must approach this limit since this is *

the expected value of the square root of the F
I12 < 1 • (4-10a) sum of the squares of two identically distrib-121 uted, uncorrelated, normal random variables.

This fact verifies the accuracy of the small
We use this approximation in Equation 4-8 to correlation behavior of this expected value
simplify the expression to estimate. Later we will derive the expression

for a and p 12 (these vary with w) in terms of
the parameters of the underlying random process,

VX77 X(t). Then the above expression can be used in
Z[ix(W) a ax dx2  Equation 3-8.

2 OIF- Our next task is to estimate the autoco-
variance function for the modulus of the Fou-

22 2 rtier transform random process, IX(w)l. In Ref- -

Y2 0 012erence 13 we propose three methods for obtain-
* 2 ing an estimate of the autocovariance function.

a4 Two are based on approximate analyses and are
very efficient in a computational sense, but

2 2 less accurate. Another is based on a Monte
( x4 ÷ Carlo analysis and is less efficient, but more

amp 2 1012 1 . (4-11) accurate. In this paper we present one of the
2 2approximate, analytical approaches. By defini-

tion the autocovariance function can be
Now we perform a transformation of variables, obtained from the autocorrelation function,
Let therefore we find a method for estimating the

autocorrelation function. The autocorrelation
x,- r Cos S , x 2 = r sin 0 . (4-12) function of the modulus of X(W) is by defini-

tion

Then the mean expression becomes
z!xa)I 11(W2)I

40 22
Z1IX(W)IJ % do dz

2)) 2 2

1 r 22  O sin S P12 (4-16)

a We simplify this notation by replacing XR(w)

242 with X , X'(w ) with X2 , XR (w ) with X , ana
_ r- Cos 9 si 2 ) 12 S- x(w)witA X4. In terms of &hese raniom van-
"" ) allea we wish to evaluate4 3-

12Ix(1 3 )l x( 2) I -11P 2 1 • . (4-13) 1 .2

This integral can be evaluated to obtain . 2 [ X 2 ÷X 2 + 2 (4-17)

X()ji - 2 0 , The random variables, Xi, J - 1,2,3,4, are nor-
( 012) mally d stributed; each has zero mean and vari-

ance, 0 . The correlation coefficient between
random variables X and Xk is denoted 0p k
j A k, J,k - 1,2,3,4. The appropriaten s of
this assignment of moments will be demonstrated

This is an estimate of the mean of the modulus later, when the moments of (w ) through X (w
of the Fourier transform of the nonstationary are computed based on the mo~Inis of the raLJoi
random process defined in Equations 4-1 and 4-2. process described in Equations 4-1 and 4-2.
Note that this expression is most accurate for
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The technique which we develop to evaluate ' 3
the autocorrelation function of the modulus of A i- + , ÷ + '3
the Fourier transform random process, X(m) I, = 2 Y 2 2 3
uses a normality assumption and a Taylor series
expansion on the right side of Equation 4-17 to
obtain the approximation. We define (\ 2 12

2 - (2 + X ) . 14-18a) - -

Z - *X 3 *i (4-l8b) +~( . . ) "Yi ] (4-22)

In terms of Y and Z the desired moment is By using this expression in Equation 4-21 we
are able to approximately evaluate the autocor- d

ZE[IX(W)I JX(M 2 )I] - E[VTZ] . (4-19) relation function of the modulus of the Fourier
transform random process, IX(0)I. It is

The first two moments of the random variables, E[IX(w) I IX(W I])
Y and Z, can be obtained using Price's Theorem 2

111]. They are

ZEY] - uY E[Z] - uZ - 2a 2
, (4-20a) m202 1- 2+ 2+341 - (13 + 4

2 - 4a4 + 2 (4-201 + P2 + 021 4-23)

2 4 2 As stated, this is simply an approximate expres-
V[Z] - aZ 4a ( + P ) , (4-20c) sion. It is approximate since Y and Z have been

assumed jointly normal, and since vS7i has been

c a -cv OV[Y,Z] replaced with the lower order terms of its Tay-
lor series. As the interval between e. and w
is increased, and as w1 and wi become large In

S204(13 + 014 + 23 0 24) . (4-20d) absolute value, all the correlation coefficients
approach zero. (This will be shown later.) In
this situation E[JX(w )I JX( )11 approaches the

To make possible a computation in Equation 4-19 value 1.5 a2. But we showed in Equation 4-16
we assume that Y and Z are jointly normally dis- that as p12 approaches zero, the mean of the
tributed, even though they are not. From Equa- modulus of the Fourier transform random process
tion 4-19 we obtain should approach /77 a. If we require that

IX(w )I and JX(w )I be independent as 011 and w02
so become widely seQarated, we must adjust Bqua-

lX(w )I Ix(•)l] " •dy f vA pl(y,z) , tion 4-23 slightli so that E[IX(W 1) X(w.)1]
-. " approaches (w/2)a rather than 1. a as ihe

(4-21) this to obtain the approximation

where £tlx(w1)l Ixl2 2) 2" 2j '1

+ y0 2 2 2 2 2 211

12 ( 13+ 014 + 23 + 24)]

1 exp 2 2 ((y Uy)2 (4-24)

2w 202 (1 -0

If we use Equation 4-15 to obtain E[IX(W,1) I1 and
E[IX ()2)11' then the product of these expres-2o(y (z - U 2 sions can be subtracted from E[IX(W,)I IX(• )I1,

y- (z - + ( Z - above, to obtain the autocovariance function for
the random process, IX(0) I.

-' y, Z < . (4-21a) The final task remaining in this section is

to estimate the moments of the underlying random
To evaluate Equation 4-21 we expand the func variables used in the analyses of this section.
tion, Ay/, in its Taylor series about the point Particularly, using the definitions provided in 50
(v ,u ), and we retain the six lowest order Equations 4-1 and 4-2, we wish to find the
te~ms. This yields the approximation moments of the random variables defined in

102

"�.•, . , " ,"• "...
te *~*. ~ ~ ~ ~ 4 ~' ~ - ~ ~ ~ '



Equations 4-5a and 4-5b. Specifically, we E[X(w X* (W2
require the means and variances of X (W) and
xW, te crre)atiob ) X (W + E[X (W X (WX(w) , and the crosscorrelations between X_(w ) ( [R 1 R 2 1 1 1 2)and X (w ), x (w_) and X_(w.), and X_(,, ) End' %,

Itm.• 2W •• hs~oet n•efl + i{-E[X (W1 Xi(W2) + E[X (W ) XR(W2] M % -_0.

X•Wigý. We consider first the random process % ..
formed by using Equation 4-2a in Equation 4-1. -< -. (4-30s)
The means are defined

E CXR(w) - E W(I) - 0 , IwI < - .(4-25) and

The reason for this is that the random process, E[X(W1 ) X(W2 )]
X(t). has mean zero. The expected value of the
product, X(w1 ) X*(W 2 ), is defined a E[X • R2) X (12W

8(( w)( X(]) - [611 X(
ECX(w1 ) X•aj 2 )] + i{E[XR(W ) XI (W2 )] + E[XI(1  ) XR(W 2 )]} ,M..

"f dt.1 f dt EtXwt)X~2ttt) - 1'w2 < -- (4-30b)
- J ~2 1 2XS l)X~t2, 1I

( Now the real and imaginary parts of the expres-
" 2 4sions on the right-hand sides of Equations

4-30a and 4-30b can be equated to the real and
Since the underlying input is a white noise ran- imaginary parts on the right-hand sides of
dom process, E[X(t 1 ) X(t 2)] can be written, Equations 4-28 and 4-29. This yields a set of

approximately, four equations in the four unknowns, -
E[X _(w .) X _(w )], E(X (w ) X (w %,

E[X(1 1 ) X(t2)J E[XIZ(w) X_(w2V), andN Ei (W.) i (w )]. These
can be solved simultaneoullylto tabin

S - 0 1 % .

2wS 6(t - t2) * (4-27) E[XR(WI) XR(W2)) W sin (W1 + W2)T

otherwise

This is the autocorrelation function of the in- + S0 )T (4-31a)
put random process. Use of this expression in 1- 2
Equation 4-26 results in

4 S0 s W01 W2
snX('OI) X*(21 " 8If Xto ) W 2 2

C x (WI ) W1 22 W 2 T I l I 2'1  -Wi~ w 2-s0-

)T-i sinTsin(w 1 + W )T , (4-31b)
U1  2

m ( 1 1 W,2 < ( (4-28) WS

R[XR(WI) XI(W2)) - [1 - cosk0÷ W2 )T]e.
Next we evaluate the expected value of the prod- I + "2 )
uct, X(W1 ) X(W2 ). Using Equation 4-27 we obtain

ZX X 4.$ 0 si W1 + W 2) T1 _ 2 [ - o.(- W -2 )T] (4-31c) ,-

IS0

Cos( 1 W I + W 2 EMI (W 1) XR(W2) 0o 11 - cos(Wl+ W2 )TI
2 T - i sin (L2 )j T , W1 2

"W < ,2 < " (4-29) + •IS 0 W 0i1 - 2)Tcos( ] (4-31d)

We note that the expected values of the products
X(w ) X*(w ), and X(w.) X(W2 ) can be rewritten where in all cases, -- < wlw 2 < 2 . When we
in 6e altirnats form evaluate Equation 4-31a at w1  W 2  w'w' we

obtain the variance of X (R). When we evaluate
Equation 4-31b at w1 -2 w, we obtain the
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variance of X (.). When we evaluate Equation N ,__ __

3-31c at e w -w w, we obtain the crosecorre- 2wN11 L
lotion beile.n k (w) and Xt) are ZL.(20 2 + 2W 1 2 2

*i Cw) W I uIs 0(r si 2wTha (4-31e)

0sal + w2

Z[Z1 .(w) %(I)f . -W- (1 - 0o52wT) , (4-31g) Z[X((W) XL(W2)] - 2S 2 22w1 (2 (W01 + W2)

where in all cases I1w < . Clearly, when .oN.,

wT 1, the variances of the real and imaginary W1 "1
components are approximately equal. 1 2 (4-34c)

(2a)2 + (W1- W2)2
V X(Iif(W) - V(Xx(w)J I 0 ,T 0l %

(4-32) ( , 1 2 + W 2

Moreover, for large values of frequency and (2a) + (2 + W2)
large frequency differences between wI and w
the correlation coefficients based on Equatigns
4-31a through 4-31d, and 4-31q become very 1i " 2  1small. In view of Equations 4-25 and 4-32, the +J 2, (4-34d)
assumed values used for the moments of the ran- (2a) + snsd - 2 1

do. variables X , j - 1,2,3,4, preceding Equa-

tion 4-7 and foliowing Equation 4-15, are shown
Jto be reasonably accurate. WSs [ a +4-4e

When we use Equation 4-2b in 4-i to define V[XR(w)- 2 2 + 2 L 2
the decaying exponential input random process, LB.%C
the moments we obtain for X (w ) and X (w ) will
be different from those lisedlabove. 2ýowver, IS0 a
a technique identical to that presented above VX ) 0 1 (4-34f).
can be used to find the moments of X (w1 ) and [2 2 .2 2

SXI (w ). The only difference is that the auto-
corrilation function of the input random process

S 2E[XR() X(w) 0 4-34g)1

E[X~t ) xVt a )+W

A2 sl+t 2 ) where in all cases w<1  2 < Il < •
2 -a (Ctl -t 2 ) Ptift 2)o When, w: ,wehave

2wS0

0.otherwise ( V 0

(4-33) e€
Theioments for the component cesesA in previous case, the correlation coeffi-

foll n. ocients derived from Equations 4-34 approach zero
follow. as W and w are made large and moved far apart.

5 5.0 Applications

E[X(I(m) + •[)2)2 ) 2 In this section we present some applica-

1 2 tions of the methods developed in Sections 3.0
and 4.0. The purpose of these applications is
to determine, approximately, what probability of

1(3 conservatism exists in some simple situations
27) 2 + ( 2 ) 2j (Examples I through 4) and in one practical sit-1 2 uation (Example 5). The five numerical examples

are described as follows.
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1. A single steady shock (a steady shock System bandwidth &w " 3.69 rad/sec
has the envelope defined in Equation 3-2a) is Amplification 1 2
used to derive a LR test for a sngle-degree- factorH 0.105 sec

of-freedom (SDF) structure where this structure
is to be subjected to one input in the field. Program DUMBB, which computes the moments

of I following the approach presented in this
2. Two steady shock inputs are used to paper, was used to compute the moments of the

derive a LFR test for the structure of example LFR, I. We obtained
one, where the structure will be subjected to
one input in the field. UI = 2.156 cm

3. One steady shock input is used to a, = 0.403 cm
derive a test for the SDF system of example one, ., -
where the structure will be subjected to two The moments completely characterize the LFR of
inputs in the field, the SDF structure based on the single input.

The moments of the actual peak response, A, to
4. Two decaying exponential oscillatory the field input were obtained using the program,

random inputs (a decaying exponential random Yl. The mean and standard deviation of the peak
input has the envelope defined in Equation 3-2b) response are
from different sources are used to derive a LFR
test for a SDF structure, where the structure UA = 0.976 cm ,
will be subjected to one input from each source
in the field. aA - 0.134 cm

5. Three random inputs from two sources Using Equation 3-14 and the estimated moments
are used to derive a LFR test for a multi- listed above, we estimate the probability of
degree-of-greedom (MDF) structure, where the conservatism of the LFR test to be
structure will be subjected to three inputs
from these two sources in the field. PC . 0.99726

To execute the analyses described above we Roughly, this states that over 99 percent of all
have written some programs, and these are listed structural tests using the LFR method and based
in Appendix D of Reference 13. Three of the on one past, measured input, will be conserva-
programs, DUMBB, DUEBZ, and DUMBC, are used to tive with respect to a future input, for this
evaluate the mean and variance of the LFR, I, structure. This result shows that the LFR test
using the three different methods presented in possesses a high degree of inherent conserva-
Reference 13 to evaluate the variance of I. tism, in this particular situation.
The results obtained using program DUMBB are
presented in this paper. Another program, Yl, 5.2 Example Two
is used to find the cdf of the peak response of
a SDF or MDF structure, and the moments of the This example is identical to Example One
peak response. The fifth program, DUMEXTA, is except that here, two inputs from the random
used to find the pdf and moments of the largest source are used to find the LPR. As before, the
value among N random variables, where the ran- structure will be subjected to only one shock %
dom variables are mutually independent and each input in the field. To find the probability of
is normally distributed, shock test conservatism, we must find the dis- -

tribution of I, where the more severe of the two
5.1 Example One random inputs governs the value of I. We enter

the program, DUMEXTA (Reference 13), with the
In this example a single steady shock in- mean value, P I 2.156, the standard deviation,

put from a random source is used to derive a LFR o ' 0.403, and the fact that two inputs from
shack test for a SDF structure which will be tie same random source are being considered.
suj•Jected to one input from that source in the The mean and standard deviation of the LFR, I,
field. The parameters of the steady shock input based on the more severe of the two random in-
follow. (Refer to Equations 4-2a and 4-3). puts are obtained from program DUMEXTA. They

are
Duration T - 15 sec

VI . 2.397 cm
Input spectral 2 3eI

density 0 4.13 c 0.352 cm.

The SDF system parameters follow. (Refer to Based on these estimates and the moments of A,
Equation 3-4). given in Example One, the probability of LFR

test conservatism was found to be
Natural frequency w1 " 40 a 12.57 rad/sec
Damping factor CI " 0.03 PC " 0.99992.

We conclude that when two inputs are used to s
obtain a LFR test and only one input will be
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experienced by the structure in the field, Natural frequency w1 = 500(2w) = 3142 rad/sec
the test is almost sure to be conservative. In Damping factor C1 = 0.01
general, as the number of inputs used to find System bandwidth "1 = 376.5 rad/sec

the LFR test is increased, the probability of Amplification H1  5.6x10- 6 sa2
conservatism will increase rapidly, if the factor 1

structure is to be subjected to only one input
in the field. Program DUMBB was used to compute the moments of

the LFR, I, corresponding to each input. We
5.3 Example Three obtained

This example is identical to Example One, Input 1 Input 2
except that here the structure will be subjected
to two exposures from a single random source in I 0.0569 UI . 0.0583
the field. As in Example One, only one measured
input is used to specify the random shock test. a, = 0.00741 0I - 0.00568
In this case the larger peak structural response
excited by the more severe of the two random From these moments of the LFR caused by each
inputs governs the conservatism of the test. input we determine, using the program DUNEXTA,
The test input must excite a more severe struc- that the LFR corresponding to the more severe
tural response than the more severe input to be input has the following moments.
conservative. To find the moments of the
response excited by the more severe structural I 0.0614 cm
input we enter the program, DUMEXTA, with the
mean value, PA = 0.976 cm, and the standard a- 0.00536 cm
deviation, 0A = 0.134 cm. We obtain I

The peak response excited by each input can be
UA = 1.052 cm , analyzed using the program, Yl. We find the

moments of the peak response excited by each
aA = 0.111 cm . random input to be

These are the approximate mean and standard -A 0.0263 cm A - 0.0225 cm
deviation of the higher of the two structural Al A2
responses excited by two inputs from the source 1a 0.00348 cm a ' 0.00278 cm
of Example One. Based on these moments and the A A2

mean and standard deviation of I, given in Exam- where the numerical subscripts correspond to the
ple One, we find the approximate probability of inputs. We can use the program DUMEXTA to
conservatism of the LFR shock test. It is determine the momenta of the response excited by

the more severe input. These are
PC = 0.99587 .

This shows that the probability of test conser- 1A " 0.0268 cm

vatism diminishes as the number of field expo- a = 0.00303 cm
sures increases, if only one test is used to A
derive the input. In general, this behavior Based on the moments for the LFR, I, and the
can be anticipated in situations like this. The worst field response, A, we determine the prob-
decrease is slight, though, in this case. The ability of test conservatism using Equation

• reason for this is that a2 is much larger than 3-21. It is
aA in Equation 3-14. -8

5.4 Example Four
This result shows that the test is almost cer-

In this example two decaying exponential tain to be conservative.
oscillatory shock inputs from different random
sources are used to derive the shock test input 5.5 Example Five
for a SDF structure which will be subjected to
one exposure from each random source in the Our final example uses two decaying expo-
field. The parameters of the shock sources fol- nential oscillatory inputs from one random
low. (Refer to Equations 4-2b and 4-3). source and one steady input from another random

source to obtain a test for a MDF structure
Multipliers which will be subjected to three inputs from

A - 1 A2 - 1 the two sources in the field. Source number one
Decay constants 1  -1 will excite the structure twice in the field and

a.1  7. sec a2 . 4.0 sec two records are available from that source.
Input spectral d~nsit 2 3 Source number two will excite the structure

S , 25,000 cm /sec S2 = 15,000 cm /sec once, and one record from that source is avail-
able. The parameters of the random shock

where the subscripts refer to the different ran- sources follow.
don sources. The SDF system parameters follow.
(Refer to Equation 3-4).
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Multipliers 1I - 2.48 cm

DeCiY ontantl - 0.180 cm
a - 100 sec

Durition of input T2 - 0.015 Program Yl was used to find the moments of
Input spectral denScty 3 the peak response excited by each random source.

S -. x2 . 1.0 X 10 7 cm2 /sec3 These are

Three modes of the structure under consideration Input
will be excited by all the inputs. (Each input No. 1A(om) iAca}

could excite a different number of modes.) The 1 0.941 0.190
system parameters are 2 1.134 0.251

Modal frequencies w1 - 2824 rad/sec This information, and the fact that the struc-
=2 - 4809 rad/sec ture will be subjected to two realizations of

W 3 - 10,554 rad/sec input one and one realization of input two in
the field, were used to find the moments of the

Modal damping l . 0.02 higher peak response. These are

C2- 0.01C 23 0.005 U A " 1.21 cm ,

cA - 0.187 cm.

Modal bandwidth aw . 598 rad/sec A

Au3 - 576 rad/sec Finally, the moments of the LFR and the peak
A 3  7field response were used in Equation 3-21 to

ox 6  2 obtain the probability of test conservatism.
Moda apiia ,..9x1-6 sec2  it is

tion H2 4.7x 107-7 sec2H3  l.l X10- sec PC - 0.9969.

Mode Shapes (Normal) Apparently, the test conservatism in this com-
plicated case is almost certain.

Degree of Freedom
6.0 Siumuary, Conclusions and Recomuendations

Mode
.1 2 3 In this report we have established an
-o - approximate procedure for computing the proba-

1 -0.37 -1.58 -3.94 bility of conservatism of a least favorable
2 0.59 2.38 5.38 response shock test. In the most general case
3 1.58 5.32 8.49 we showed how to find the probability of test

conservatism when a structure is subjected to
Mode multiple random shocks from several sources in
No. 4 5 the field, given that one or more shock acceler-

ation records are available from each random
1 -8.00 -15.13 -38.46 source.
2 9.06 10.48 35.63
3 4.76 -16.45 2.06 We showed that the computations outlined

in the text could be performed by working five
Note that six structural degrees of freedom numerical examples. In these examples we
are considered. showed, in a limited sense, that when one input

record is available from each source and for
Program DunBe was used to find the moments of each input that the structure will be subjected
each modal component of the LFR, I. These are to in the field, and when these are used to

obtain a test input, then the probability of
Input 1 Input 2 test conservatism is high, that is, over ninety-

nine percent. When more inputs are used to

N (O.) 01(cm) I (cm) 01 (cm) obtain a test than the structure will be exposed
- - - to in the field, then the probability of test

1 1.12 0.371 1.45 0.443 conservatism increases rapidly to a point where

2 0.58 0.191 0.74 0.229 test conservatism is practically certain. When
3 0.016 0.005 0.21 0.059 fewer inputs are used to obtain a test than astructure will be exposed to in the field, then

This information, and the fact that two records the probability of test conservatism decreases.
ofi infutormation, and the factd tht two areos But we expect that the number of field exposures
of input one and one record of input two are must be relatively large for the probability of
available, worm used to find the moments of the conservatism to decrease below ninety percent.
overall LFR. Theme are In all the situations considered the probability
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mental design framework, so that these who wish dom Processes and Its Applications," Journal of
to specify a least favorable response test for Sound and Vibrations, Vol. 25, No. 1, 1972.
a laboratory or analytical experiment could do %
so, and could easily compute the probability of 13. Peea, T. L., "Conservatism in Least Favor- %
conservatism of that test. able Response Analysis and Testing," Report No.
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SHOCK TESTING

CALCULATING RESPONSES IN HULL MOUNTED ITEMS OF EQUIPMNT IN SUBMARINES

COMPARED WITH MEASUREMENTS CARRIED OUT DURING SHOCK TESTS

K. Hellqvist, MScME
Kockums AB, Malms, Sweden

The paper describes a method developed in Sweden for calculating re-
sponses of items and outfits mounted in submarines subjected to under-
water explosions. The shock form is described by means of the Fourier
transform of the acceleration-versus-time graph. Dynamic properties of
hull and items are defined by their inertances. The method enables re-
sponses of items and outfits to be calculated using the above quantities
whilst taking into account the reaction between units and hull structure.
The method has been used on results from measurements on a specially de-
signed structure in the 'Steel Mosquito' and the results obtained are pre-
sented in this paper.

GENERAL unloaded hull structure to such where the
structure is loaded with the unit. Such move-

In 1972 work on developing methods for calcu- ments can subsequently be used for determining
lating stresses in submarine hull and equipment stresses in the unit.
subjected to shocks from underwater explosions
was investigated in Sweden. This development
work is sub-divided into four different parts:
hull design, design of internally mounted out- REQUIREMENTS FOR THE CALCULATION METHOD
fits, design of externally mounted outfits and
design of items pertaining to sea-water piping The calculation method requires that the unit
systems respectively. At the explosion tests interacts on the oscillatory movement of the
with the 'Steel Mosquito' in 1978 measurements hull structure. It is also assumed that the
were carried out to be used for verifying these oscillatory movement can be described by linear
methods. differential equations and that resonant fre-

quency and damping are typical for the complete
This paper deals with experiences from an at- structure in question. Hull movements are de-
tempt to verify the method of designing intern- scribed by the Fourier transform of the accel-
ally mounted outfits. As the paper is focused eration-versus-time sequence as measured at ex-
on the practical application of the method rel- plosion tests. The dynamic properties of unit
evant theory is only dealt with in brief, and hull structure are described by means of

inertances, which may be either measured or
calculated.

PROBLEM APPROACH

The goal is to develop a method for the calcu- THEORY OUTLINE
lation of stresses due to shocks in outfits
under the assumption that the oscillatory move- The theory for the calculations which is fairly
ment is known in such parts of the hull where complicated can be found in Ref. (1) and (2).
the unit will be mounted. The movement is only The present paper only describes briefly and in
known with regard to an unloaded hull structure a simplified form the mathematical operation
i.e. the unit is not mounted. The dynamic pro- used in the calculation methods.
perties of the unloaded hull structure are
known, Outfit and hull are regarded as linear systems

characterised by complex point inertances
For calculating the stresses it is hence . .(w) and transfer inertances Y. .(w), a. %
necessary to recalculate the movements of the see Figure 1. Point movements ariodecribed by

III
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the Fourier transforms of the acceleration- This calculation method has been tested in two
versus-time sequences. cases in which the unit had two points of

attachment and one point of response. In one
When the two systems are separate. i.e. not case there was one degree of freedom and in the
connected, the following equations apply: other two degrees of freedom.

Vl(w) a Y1Fl(w) + Y12F2(w)
1 1illF 1 (W)+ 12 F2 (w)MEASUREMENsTS FOR VERIFYING THE CALCUIATION

METHOD
V 2 (W) 12 F 1(W) + y2 2 F2 ( Measurements for verifying the calculation

method were made on an especially built dummyV() = 33 Y3F 4 F 4(w) unit mounted on the pressure hull. The dummy
unit had two well-defined points of attachment

and a shape reasonably suitable for finite el-VOW) *34F3(W) + Y4F4(w) ement simulation. Response calculations were

based on results from inertance measurements
on the dumiy resiliently suspended in the lab-

When the systems are connected together as in oratory, inertance measurements on board the
Figure 2, the following equations apply: 'Steel Mosquito' and measurements of hull

structure accelerations at explosion tests.

Vo(w) = YF (W) + Y1 F*(w) Calculations for two cases have been performed.1 11 1 12 In the first case the aim was to verifj that

interaction between dumy and hull can be taken

2 (W) + in F2 (w) 3 i into account by calculating the point inertance
se 2ein the hull structure with the dhumy in situ

from inertances of the dusmy measured with it

V V(w) • 34F(• 
resiliently suspended in the laboratory and

A4() 2wthose of the unloaded 'Steel Mosquito' hull

e structure. The thus calculated point inertance
If the acceleration in point No. 4 in of the hull structure loaded with the dummy
the interconnected system shall be calculated unit was then compared with the measured inert-
for an acceleration A2(w) in point No. 2 in the ances.
separate systems, the following equation holds:

For laboratory inertances the dhmmy wan sus-
n npended in rubber ropes, see Figure 3. The

Y3 4 (w) A resonance frequency of the rigid do oy when
A, - suspended is approx. 5 Hz whilst its lowest

f Yo22 (W) + (w) internal resonant frequency is approx. 150 Hz.
The measurements were made using transient ex-
citation of the oscillatory movement and the

The time sequence can then be obtained by an inertances are the mean of some ten measure-
inverse Fourier transform of A:) ments. Modal analysis wasn performed on the

results prior to the calculations.

If the point inertance d (w) shall be de- In the 'Steel Mosquito' the dummy was mountedtermined in the interconnited system and if onto the hull by bolting it to two adjacentpoint and transfer inertances for the two sys-
tems are known when not interconnected, the ofra the 'teein Msit 'a. wiSe talo Faigr hax
following equation holds: of the re e Monquit'.l Seealso Figure 4.

Inertance measurements on the 'Steel Mosquito'

were carried out when it was surfaced and I
+ moored. Transient excitation was used and the

n t r n e 2d o 3r inertances were the mean of some ten measure-22 22 33ments.* Modal analysis was not performed on the
results. Hull inertance measurements were madeThe above equations which concern systems hay- with and without the dummy unit mounted to the

ing two points and one degree of freedom in
each point can be generalized to systems hay- hull structure.

ing several points and several degrees of free- In the second case the aim was to verify that
dom in each point. In this case the equationswill contain matrices instead of single spectra. mheasremeontse oan the dalummyinthedsn laboratory
Matrix elements will consist of complex point maueet ntedmWi h aoaoy
and transfer inertances and of Fourier trans- inertance measurements on the unloaded hull
forms. Matrix size will become a function of structure and acceleration measurements in the
No. of points and No. of degrees of freedom in hull when subjected to shock. Calculated re-
each point, sponses are then compared with responses
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measured at explosion tests. In this case un- Determining the Response in Outfits at Ex-
loaded hull inertances were measured at a div- plosion Tests
ing depth of 90 m.

Calculations

In the calculations it is assumed that the
CALCULATIONS points of attachment and the response points

have one degree of freedom only and with a di-
Determining the Inertance Matrix for the Hull rection of movement in the radial direction of
Attachment Points the hull.

Calculations The response in one point of the unit, see
Figure 8, was calculated using the dummy inert-

In the calculations it is assumed that the ance yA measured when freely suspended in the
points of attachment and the response points laboratory, inertance Y uu measured in frames
have two degrees of freedom. The directions of the hull structure weun dived at 90 m and
of movement lie in the radial and the tangen- the Fourier transform A of the acceleration
tial directions of the hull respectively, of an unloaded frame when subjected to an ex-
Longitudinal movements are disregarded. plosion test, again with the 'Steel Mosquito'

+ dived at 90 m.

The inertance matrix Yuu for the points of d t

attachment in the hull with the dummy unit The following formula was used for the calcu-
mounted wrs calculated using the inertance lations:
matrix Yui for the dummy measured when freely
suspended in the laboratory and the inertance A A + -u AI
matrix Yuu for the unloaded points of attach- A u Yru ! uYu u
ment in the hull.

The following formula was used for the calcu- Also in this case block size was 4096 points,
lation: sampling frequency 5 kHz and digital filtering

was used.
-1 A-i -1

[uu Results

The calculations were made with inertances hay- Figures 9 and 10 show that the calculated re-
ing a block size of 4096 points. Sampling fre- sponse fairly closely coincides with the
quency was in this case reduced to 5 kHz and measured response. The agreement appears bet-
digital filtering was used. ter than in the preceeding calculation case in

spite of the calculations being more approxi-
mate than in the first case owing to a decrease

Results in number of degrees of freedom.

Figure 6 shows that the dummy unit interacts to To a certain extent the low amplitude of the
a certain degree on the hull structure. Figure measured response-versus-time curve depends on
7 shows that the calculated inertance is in a slightly overloaded signal.
reasonably close agreement with the measured
one. By decreasing the number of degrees of freedom

and hence decreasing the matrices, matrix in-
The calculations include inverting of 4 x 4 verting becomes much more improved than in the
matrices with elements consisting of inertances former case thus enhancing accurary.
having a block size of 4096 points. For in-
verting, conventional signal-analysis calcu- Figure 10 shows that the noise level has in-
lation methods were used. It was found, how- creased. Calculation experiences show that the
ever, that these were not sufficiently accurate noise' level heavily depends on the manner used
for this type of operations, producing rela- for signal analysis in the calculations.
tively large errors varying randomly with fre-
quency. A great part of the discrepancies be-
tween calculated and measured inertances of the
hull structure can thus be traced back to the EXPERIENCES
method for inverting this type of matrices not
being adequately developed. Some part of the In spite of the calculations in the last case
discrepancies may depend on phase-errors that employed more approximations than the first
can be derived from bad accuracies in the one, calculation results were superior. This
measurements and invertions of transducer di- is supposed to stem from the fact that calcu-
rections. lation accuracy quickly deteriorates as matrix

inversion becomes less accurate with larger
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matrices. An improved program for inverting Figure 7 Comparison between measured
matrices consisting of spectra would probably and calculated point inert-
alter this. ance in a radial direction in

the hull structure with mount-
Experiences from the calculation methods de- ed dumoW. (Vertical scale in-
scribed above show that sophisticated equipment correct)
and extensive knowledge in a variety of fields
are of vital importance. Measuring movements Figure 8 Point of response of dummy.
at shock and dynamic properties of dummy and
hull structures require great accuracy. Figure 9 Comparison between Fourier

transforms of calculated and
The results obviously show that the calcu- measured responses. (Vertical
lation method can be used on equipment intern- scale incorrect)
ally mounted in a submarine when subjected to
shock. The results of calculations hitherto Figure 10 Comparison between calculated
performed indicate that calculation accuracy and measured response-versus-
can be improved using this method as compared time. (Vertical scales are
to methods based on shock spectra. It is hence the same for both graphs but
considered advantageous to improve signal ana- their absolute values are in-
lysis methods with a view of applying them for correct)
anti-shock design work. Work will consequently
be directed towards solving application prob-
lems with the above descr'bed methods and in-
clude these in the present submarine projecting
work.

(1) K. Dovstam 'Use of Mechanical Admittances f1  f2 f3 f4
in Connection with Linear i 2 3.3 ii
Mechanical Systems Subjected 1 0- 2 04
to Shocks' (in Swedish) p Y112Y22i333 44
TM 3.480.02, IFM, Stockholm, v v
Sweden 1 2 3 4

(2) K. Dovstam 'Mechanical Systems in Sub-
marines when Subjected to Figure 1. Simple Systems Representing Dummy
Shocks' (in Swedish) Unit and Hull Structure
TM 3.480.11, 1PM, Stockholm,
Sweden

Figure I Simple systems representing
dummy unit and hull structure.

Figure 2 Two interconnected simple sys-
tems having one unloaded
point. f* -f

Figure 3 Dummy suspended in rubber 4
ropes for measurements in the 1
laboratory.

vI 2v v:

Figure 4 Dummy unit mounted in the 1 2 3

'Steel Mosquito'.
Figure 2. Two Interconnected Simple Systems

Figure 5 Point inertances measured in Having One Unloaded Point
"freely suspended dummy (1) -'

and in unloaded hull structure
(2). (Vertical scale un-
correct)

Figure 6 Measured inertance in a radial
direction with (1) and with-
out (2) dummy unit mounted.
(Vertical scale incorrect)
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Figure 3. Dummy Suspended in Rubber Ropes for Measurements
in the Laboratory

Figure 4. Dummy Unit Mounted in the 'Steel Mosquito'
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Figure 5. Point Inertances Measured in Freely Suspended DumnW' (1) and in Unloaded Hull Struc-

ture (2). (Vertical Scale Incorrect.)
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Figure 6. Measured Inertance in a Radial Direction With (1) and Without (2) D~mmy Unit Mounted.
(Vertical Scale Incorrect.)__
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DISCUSSION

Mr. Huang (Naval Research Laboratory):
Did you measure your hull inertance

submerged?

Mr. Hellqvist: Yes.

Voice: How did you protect the
instrumentation systems against shock?

Mr. Hellqvist: They were mounted on
large isolated platforms.

Voice: So they were well separated from
the shock effects?

Mr. Hellgvist: Yes, they were. And a
sign of that is the tape recorder ran
very well during the shock.

Voice: What was the range of charge
sizes?

Mr. Hellqvist: The charge sizes were
137 kilograms.

Voice: Was the closest standoff one
charge diameter?

Mr. Hellgvist: No, it is not the
diameter, it is the design distance.

K
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A COMPUTER-CONTROLLED MASURING SYSTEM HAVING 128 ANALOG MASURING

CHANNELS AND FACILITIES FOR SIGNAL ANALYSIS

K. Hellqvist, •cME
Kockums AB, Maltad, Sweden

When explosion testing the submarine hull section 'Steel Mosquito'
in 1978 measurements were carried out using a computer-controlled
digital measuring system. The system was chiefly designed for ex-
plosion test measurements but it can also be used for various types
of vibration measurements. At present the system is capable of
handling 128 simultaneous signals but it can be extended to 224
channels. After completed measurements the computer can be used
for signal analysis of the measurements. Programs have been worked
out for both signal analysis and modal analysis. The paper de-
scribes the system as used with the explosion tests in 1978.

GENERAL DATA COLLECTING

For the explosion tests with a submarine hull Sensors
section called 'Steel Mosquito' in 1978, a new
measuring system especially devised for vi- For the explosion tests in 1978 resistive
bration measurements was acquired. The system strain gauges were used exclusively and single,
is a digital multiplexing system using PCW- angular and rosette gauges were of Type Tokyo
technique. At present 128 signals can be Sokki WFLA-6, WFCA-6 and WFRA-6.
handled simultaneously but the system can be
extended to cope with 224 channels. In order Hull accelerations were measured by means of
to make the measurements as systematic as pose- piezo-resistive accelerometers Type Endevco
ible the system is computer-controlled. After 2261A-1oK and Type 2261 M6.
having carried out the measurements, the com-
puter can be used for different types of sig- In order to protect the accelerometers against
nal analysis. Table 1 gives salient data for mechanical damages and to limit slightly the
the measuring system. bandwidth of the accelerometer signal the ac-

celerometers were mounted on mechanical fil-
At the explosion tests against the 'Steel Mos- ters, see Figure 2.
quito' in 1978, the measuring system was used
for recording acceleration-versus-time and Accelerometers mounted externally were protect-
elongation-versus-time. Pressure-versus-time ed together with its mechanical filters in
was recorded using a conventional FM-method pressure-proof cases. The resonance frequency
owing to the broad-band characteristics of the of the filters was approx. 3,200 Hz.
pressure signals.

Figure 1 shows the measuring system as used Filter Characteristics
for the 'Steel Mosquito' tests. 128 measuring
signals are conditioned in 8 encoders consist- Owing to the digital measuring system, filter-
ing of amplifiers, filters and A/D converters. ing characteristics were carefully chosen and
The signals are subsequently recorded using a based on signal analyses of results from earli-
wide-band tape recorder. The system is moni- er explosion tests. For these analyses various
tored and controlled by the computer. 'The re- types of filtering were tested as well as vari-
corded signals are converted from PCM-code to ous ways of connecting the filters in the cir-
IBM-compatible code by the computer and stored cuits in order to utilize the amplifier as far
in digital form on tape to be used for various as possible consistent with avoiding errors due
types of signal analysis performed by the corn- to overloading. Also the requirements for
puter. phase and magnitude compensation in the signal
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analyses due to filter action on the signals The A/D converter sampling frequency is 160 kHz
in the frequency range of interest has been max., i.e. 10 kHz per channel. By decreasing
duly regarded. the number of signals per A/D converter, sam-

pling rate for these signals may be increased.
It was found that steep Bessel filters fully Lowest sampling rate for the A/D converter is
satisfied our requirements. The amplifiers 4 kHz, i.e. 250 Hz per channel.
were designed so that their characteristics
corresponded to those of a Bessel filter hay- One of the A/D converters acts master for
ing 9 poles. At the cut-off frequency of synchronizing the other 7 converters providing
2 kHz the attenuation was 6 dB. It is, how- for simultaneous sampling of related signals.
ever, possible to alter the filter steepness
from filters having 6 poles to such with 9
poles for other than explosion test uses.

COMPUTER
In order to utilize the dynamic range of the
amplifier to its full extent, filtering should The computer is used for several different pur-
be made as early as possible in the amplifier poses. Immediately before making measurements
chain. In front of the pre-amplifier there is the computer can set and check the amplifi-
a passive filter having the characteristics of cation factor of each amplifier, balance each
a 2-pole Bessel filter. As the noise level in gauge, check that the system as a whole is
the filters became too high if the steepness ready and produce a 'Ready' signal.J%
of the passive filter was made to resemble that
of a 3-pole filter, a single-pole filter was After the measurements the computer can be used
inserted between pre-amplifier and main ampli- for converting PCM-data to data using an IBM-
fier. After the amplifier there is a 6-pole compatible code and make a simple test of
Bessel filter to minimize aliasing. measured data. It can also be used for record-

ing information regarding measurement pro-
The amplifier characteristics can be changed cedures. Such information can be tabulated,
by by-passing either or both of the two first see Table 2. The information is recorded on
"filters. The cut-off frequency can also be digital tape together with measurement data.
altered by changing a resistor assembly on the At a later signal analysis the information is
amplifier printed circuit board. read out into the computer, automatically

securing correct units for measured data with
regard to amplification factor, sensor sensi-

Amplifier tivity etc.

Since the A/D converter uses 12 bit words,
amplifier accuracy is of prime importance. So
as to enable the A/D converter to have a SIGNAL ANALYSIS
measuring range corresponding to 0.5 of the
maximum output signal from the amplifier, the The computer is provided with software for
signal-to-noise ratio must be better than signal analysis. Such analyses can be carried
78 dB. out either interactively or automatically in

a batch mode.
The amplifiers have 8 measuring ranges from

5 mV to 1 V. Amplification factor accuracy is Owing to analyses being carried out entirely
0.025 % and the output voltage from the ampli- in terms of software they are fairly slow.
fier is plus or minus 5 V. Thus a 1,000 point Fourier transform will be

performed in slightly less than 1 sec. To a *

certain degree this delay is compensated for IL
A/D Converter by the program being specially designed for

analysing great amounts of data by specific
The A/D converter has two ranges, plus or min- orders and that signal onalysis can be carried
us 2.5 V and plus or minus 5 V. This enables out in batch mode.
the A/D converter to utilize half the ampli- ZA
fier working range which is likely to reduce Signal analysis programs enable Fourier trans-
the danger of slew rate effects somewhat. As forms, digital filtering, sampling reduction, %
the measuring system manufacturer has designed shock spectrum analysis, transfer functions, %

the amplifier with due regard to this, measur- power density spectra etc. to be carried out.
ing accuracy is not appreciably lowered by Analysis block size is 4096 points max. There
halving the A/D converter range. are also programs for modal analysis of up to

256 trinsfer functions with 62 modes. %I
Each A/D converter normally digitizes 16 2
measuring signals sequentially, making every Modal analysis is carried out as multiple
16th sample of the output signal represent one curve fitting. In this analysis it is assumed
specific signal. Each such signal is then re- that resonant frequency and damping attenuation
corded on tape and 8 converters are required are the same throughout the complete structure.
for handling 128 measurement signals. Figure 4 gives an example of results from a

test. Figures in brackets show theoretically
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calculated resonant frequencies of each mode Figure 6 Measured hull inertance irben dived

shape. at 90 m.

EXPERIENCES

Experiences with the measuring system are most
satisfactory. At the very first measurements,
the explosion tests with the 'Steel Mosquito'
in 1978, some 2,500 measurements were made at
21 tests during 21 days. Measurements were
carried out in 13 entirely different measurinmg
planes requiring the sensors to be moved prior
to each explosion. Only three persons were

required for these measurements, showing that Table 1 Salient Data for the Measuring Sys-
the system is time-saving and requires a mini- tem used with the Explosion Tests
mum of staff and an appreciable cost reduction against the 'Steel Mosquito' in 1978
for such elaborate tests.

Also the measured signal quality is quite No. of Channels 128 max.
acceptable. Figure 5 shoars a comparison be-
tween measurements made at two identical Frequency Range 2 kHz max.
tests at two different occasions. The figure
shows a reasonably good agreement between the Filter Characteristics Bessel filter,

measurements. Figure 6 shows the results of 9 poles max.
inertance measurements on the hull when dived
to 90 m. The inertances have been determined Sampling Frequency 10 kHz/channel max
from the mean value of 10 measurements using
transient excitation. It can also be seen ADC 12 bits
that coherences are reasonably good within the
greater part of the frequency range. This is Ranges 5, 10, 20, 50,

of course no measure of system quality but 100, 200, 500,

such a good coherence would be difficult to 1,000 mV
obtain if the quality of the measured signals

were poor. Max. Output - 5 V;•± 2.5 V

From the above it is evident that we have Recording Speeds 3 3/4, 7 1/2, 15.,
acquired a flexible system for advanced vi- 30, 60, 120 ips
bration measurements capable of systematic and
fast handling of vast amounts of data as well Minicomputer Nova 3/12 120 kbyte

as highi signal recording quality.
Hardware Multiply/Divide

Disc Memory 2 x 5 Mbyte

Table 1 Salient data for the measuring sys- Digital Tape Recorder
tem used with the explosion tests
against the 'Steel Mosquito' in

1978.

Figure 1 System for vibration measurements.

Figure 2 Mechanical filter for accelero-

meters.

Figure 3 'Steel Mosquito' measuring system.

Table 2 Example of measurement documen-
tation.

Figure 4 Measured modes of a simple steel
plate.

Figure 5 Acceleration measurements in the
same point at different explosions
using the same detonation distance
and the same charge.
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Figure 1. System for Vibration Measurements.
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ACTUAL INSTRUMENT DATA LIST UR DEVIC1d I

TEST* 22
YEAR OF MEASUREMENT 78

MONTH/DAY OF MEASUREMENT 427
MEASUREMENT OBJECT 0I65CR. EXPLOSION It MP: 2 EXPLO. 12

TRIGGER DEV. /CHA. /LEVEL 1/ 9/ 0
TAPE RECORDING SPEED 12000

TAPE REPRODUCTION SPEED 750
BRIDGE-RESISTOR DEV.0 1 120 120 120 120 120 120 120 120

DEV.0 1 120 120 120 120 120 120 120 120
ACTIVE/PASSIVE LIST DEV.0 I ACT. ACT. ACT. ACT. ACT. ACT. ACT. ACT.

DEV.# 1 ACT. ACT. ACT. ACT. ACT. ACT. ACT. ACT.
NUMSER OF CHANNELS/FILE 16

SAMPLING PERIOD . 10
MEASUREMENT POINT* DEV.* t 16 17 1t 19 23 24 89 59

DEV. : 89 60 40 40 79 79 79 121
SIGN/DIR. OF TRANSD DEV. 1 -Y -Y -Y -Y -Y -Y -Y -a -Z -Y -3 -Z -Y -3 -Z -Z

PHYS. UNIT CODE DEV.0 1 4 4 4 4 4 4 4 4
DEV. : 4 4 4 4 4 4 4 4

TRANSDUCER SEOV. DEV.0 1 0 0 0 0 0 0 0 0
DEV.• 0 0 0 0 0 0 0 0

MECH. FILTER SEU.# DEV.# 1 0 0 0 0 0 0 0 0
DEV. l 0 0 0 0 0 0 0 0

ELEC. FILTER SEQU.0 DEV.1 : 1 2 3 4 5 6 7 U
DEV. • 9 10 11 12 13 14 15 16

AMPLIFIER SEGU.8 DEV.* 1 1 2 3 4 5 6 7 8
DEV.# 9 10 I1 12 13 14 15 16

AA-CUTOFF FREQUý DEV.0 1 2000 2000 2000 2000 2000 2000 2000 2000
DEV.0 1 2000 2000 2000 2000 2000 2000 2000 2000

FIRST/SECOND FILTER DEV.0 I ON/ ON ON/ ON ON/ ON ON/ ON
DEV.0 I ON/ ON ON/ ON ON/ ON ON/ ON
DEV. . ON/ ON ON/ ON ON/ ON ON/ ON
DEV.0 I ON/ ON ON/ ON ON/ ON ON/ ON

AC/DC COUPLING CODE DEV.0 1 DC DC DC DC DC DO DC DC DC DO DC DC DC DC DC DC
TRANSDIC. SENSITIV. DEV., I 1070.0 1370.0 1370.0 1070.0 1870.0 1870.0 1870.0 1970.0

DEV.* 1 1870.0 1870.0 1170.0 1670.0 1870.0 1870.0 1970.0 1870.0
INPUTRANGE DEV.0 1 50 25 S0 s0 25 so 25 25

DEV.# 25 25 25 25 28 25 25 25
ADC MAX. VALUE DEV.* I OFF OFF OFF OFF OFF OFF OFF OFF

DEV.0 I OFF OFF OFF OFF OFF OFF OFF OFF
EXP$SIGNAL•MAXVALUE DEV.0 1 0 0 0 0 0 0 0 0

DEV. : 0 0 0 0 0 0 0 0
BRIDGE SUPPLY DEV. 1 30MA 30"A 30M14 30MA 30MA 30MA 30M¶A 30MIA

DEV.0 I 3MOA 30"A 3oMA 0MA 3OMA 3OMA 30MA 3OMA
Table 2. Example of Measurement Documentation

FrID BODT• MODE NO. 1 51.7 tHZ (51.8 QZ)

Figure 4. Measured Modes of a Simple Steel Plate
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Figure 5 A. Acceleration M~easu~rements in the Same Point at Different, Exp•losions Using the
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Figure 5 B. Acceleration Measurements in the Same Point at Different Explosions Using the
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DISCUSSION
Voice: How about a simple peak pressure

Voice: I must say this is not the most comparison?
complicated measuring system I've ever
seen in my life. I've done something Mr. Hellqvist: The peak pressure is as
similar in the past of course but it far as I know, the peak pressure is the
seems to me that the breakdown usually same, always the same.

is at the transducers; if there is going
to be problems - the transducer is going Voice: Would you care to comment on he
to give it to you. I assume you have signal to noise ratio you believe you
made some simple tests on these got out of that system?
things. In the past we have done simple
tests. For example, we use to have a Mr. Hellgvist: We have made measure-
ballistic pendulum device which simply ments in order to che.:k the manufacturer
gave a step velocity to the transducers but we don't have inutruments that are
under test. Have you done any such good enough to meaaure the noise. We
tests yourself so that for example you could measure down to 80 db and we
know the motion that's going into the cannot find any noise at that level so
thing and you can procesb your records we don't know it, however the manu-
and come up with that motion? facturer has specified that it should

be better than 78 db and we have found
Mr. Hellqvist: Yes we have made some of that it is better than that.
them and they have been made by the SAAB
Aircraft Company. They have tested lots Voice: How did you decide on the
of different kinds of accelerometers and resonant frequency for the mechanical
they have found that the Model 2261 filter?
accelerometers made by Endevco are
relatively good as we can see from these Mr. Hellqvist: That was a very
pictures here. There are two different difficult choice; because the system is
guages and two different locations with digital, we would have to be aware of
two different charges that are exploded aliasing so the resonant frequency must
at the same standoff. As you can see, be as low as possible in order to not
the measurement is made at the same amplify the acceleration signal from the
measuring point in the steel mosquito so sensor at above half the sampling
it should be exactly the same. frequency. The sampling frequency was

10 kHz so the resonance must be a bit
Voice: Right! This shows that they are lower than 5 kHz in order to avoid
repeatable. They do the same thing. aliasing with the bessel filters that we
But my question is, is that what really chose, the damping at 5 kHz won't do
happens? it When the cutoff frequency is 2 kHz

the damping is not very high. So we
Mr. Hellqvist: Nobody knows, wanted the resonant frequency for the

mechanical filter to be as low as possi-
Voice: You mentioned you were trying to ble so we accepted the same amplifica-

find out if the effect of a large charge tion of the signal in the mechanical
and a great distance as the same as a filter as in the electrical filter,
small charge and lesser distance, which damped the signal up to 2 kHz, and

that was 6 db. And if we are using that
Mr. Hellqvist: We are trying to in- criteria the resonant frequency of
vestigate if it is possible. Yes we mechanical filter would be about 3,200
have run different charge weights and Hz. It is also difficult to choose the
different distances and they should give rubber for the mechanical filter because
us the same shock factor. They should you have to choose the right rubber to
give the same reaction in the steel have the right damping In the mechanical
mosquito but we haven't had the time to system. If you have high damping
check that out yet. material the peak will be very broad.
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A LARGE-SCALE SUBMARINE SHOCK TEST CARRIED OUT AS PART OF THE SWEDISH k

SHOCK DESIGN DEVELOPMENT PROGRAM

K. Hellqvist, MScME
Kockums AB, Malm6, Sweden

Te paper describes the detonation tests carried out in 1978 with a
test body called the 'Steel Mosquito', a full scale section of a sub-

rine hull. A test site was arranged in the Stockholm Archipelago
and the test body was moored at a depth of approx. 90 m (300 ft).

e purpose of the tests were to investigate various outfits for sub-
rines and to obtain data to be used when designing outfits and equip-

ent for submarines as well as for further development work. e

GENERAL shock movements in the hull due to diving
depth could be studied.

In Sweden explosion tests against submarine

hull sections and submarines are carried out
about every fifth year. The latest explosion Comparison between Small and Large Charges
tests were performed in 1978 using a submarine
hull section called 'Steel Mosquito'. The Present directives for designing a submarine
tests which were carried out in the Stockholm hull are based on explosion charges having a '•.

Archipelago form a basis for the development specified weight. Experiences from earlier
of new methods for calculating shock stresses tests show that it is difficult to calculate
in submarine equipment and for the development results from other charge weights. It is also
of new types of submarines, interesting to ascertain if heavy charges at

great explosion distances can be simulated by
small charges at short distances. Hence one
goal was to establish shock action on sub-

PURPOSE marine hull and equipment as a function of
charge weight.

Range of measurements and test body were sel-
ected with regard to needs for developing new
submarines as well as developing methods for Testing Heavy Shock-mounted Systems
calculation of stresses due to shocks, a work
which is being carried out in Sweden. In Swedish submarines equipment is frequently

mounted direct on large platforms that are re-
siliently mounted onto the hull. The weight

Determining Hull Deformations at Explosions of such a complete platform amounts to some
at Great Depths 30 ton (metric). Prior to the 'Steel Mos-

quito' tests no results from shock-testing
For explosions at design detonation distances such assemblies were available and it was thus
minor plastic hull deformations are acceptable. important to confirm the assumptions on which
Previous tests were made with the 'Steel Mos- the design of resiliently mounted heavy as-
quito' dived at quite a small depth, some semblies are based.
15 m. To find out if plastic deformations
would increase with increased diving depth it
was decided to carry out the tests at a fairly Testing a Submarine Storage Battery
appreciable depth which in this case became
the maximum diving depth of 90 m. One important test object was a new type of

cells for a submarine storage battery since it
By altering the diving depth of the test body was intended to fit the battery without resili- %
at different explosions, variations of the ent mountings in the battery compartment.
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The cells had previously been tested in a drop cell voltage measurement, electrolyte level
test machine under laboratory conditions. As measurement etc. were shock-tested. Prior to
such tests could only produce stresses in the a test the battery was fully charged and the
vertical direction, the explosion tests were accessory systems running. 'X.

aimed at verifying the laboratory results. It
was also important to confirm that cell re- In a special torpedo tube a torpedo Type 42
sistance to horizontal shocks was sufficient was tested. Torpedo stresses were measured
and that plastic deformations of the storage both with a dry and a water-filled tube.
battery compartment would not be so great that
the cells became crushed by athwartship ex- Also a complete modern periscope was fitted in
plosions. Finally it was also important to the 'Steel Mosquito'. The 'fin' supporting
ascertain how the battery with accessory the periscope externally was designed so that
equipment could take explosions for instance its dynamic properties as far as possible cor- %
from straight underneath the battery compart- responded to those of the fin on the latest %
ment. Swedish submarines.

The 'Steel Mosquito' also contained a resili-
Data Collection for Design Directives ently mounted platform having a weight of

approx. 30 ton including various dummy outfits.
Since only a small number of submarines of Its construction was identical with those in
each type are built in Sweden, design of sub- present type Swedish submarines.
marine hull and equipment must be based mainly
on theoretical calculations and only to a In addition the following component items were
small degree on full scale tests. Design di- fitted:
rectives have hence been developed during a
number of years and an important aim with the (a) Hull-mounted valves,
tests was the collection of data for up-dating (b) Hull seatings,
design directives. (c) Compressed-air bottles,

(d) Hydraulic piping,
(e) Several types of hatches with covers.

Verifying Design Directives
In the hull part proper various types of welds

Design methods which are being developed since having certain defined weld faults were tested.
1972 must be tested in practice before applying
them to submarine equipment. Thus the ex-
plosion tests were aimed at providing data for
testing the new calculation methods. TEST SITE ARRANGEMENTS %

Figure 4 shows the mooring arrangements on the %

Equipment Testing test site. When dived the 'Steel Mosquito' was %
suspended from buoys. The diving depth could

In certain cases it is preferable to shock-test be set by altering the length of the wire ropes
equipment than to design it theoretically, between buoys and the 'Steel Mosquito'. The
Equipment which is vital to submarine safety or actual diving depth was sensed by means of a
submarine functioning must obviously exhibit a depth gauge on board having an indicator at the
sufficient resistance to shocks. Such equip- shore station which also was fitted with in- .
ment was therefore also included in the tests. dicating instruments showing bilge water level .,,%

and hydrogen content of the atmosphere in a few -.
places. .

TEST BODY Electrical power was supplied from ashore for
normal running of various outfits and DC power

The 'Steel Mosquito' is a full-scale section for storage battery charging was obtained from -
of a submarine hull. Its length is 11 m and an auxiliary craft which also could replenish
its diameter 5.7 m. Ballast tanks are fitted the air bottles in the 'Steel Mosquito' as re- j]
fore and aft which can be filled or discharged quired. r %

by remote-control from ashore. Surface dis- `*I
placement is 226 ton and submerged displacement

is 283 ton. 6
EXPLOSION PLAN

The 'Steel Mosquito' was fitted with several
systems and outfits. As mentioned above there Charges were detonated in all directions around
was a storage battery compartment having i1 the 'Steel Mosquito' which was thoroughly in-
passive and 22 active cells. The cells were spected after each explosion. In all twenty-
connected to form an operational storage bat- one charges were detonated. Also the dis-
tery. Battery functioning was checked by tance between charge and test body was altered
measuring battery capacity and discharge. but only after charges had been detonated in
Storage battery accessories, such as outfits every direction around the 'Steel Mosquito'.
for ventilation, cooling, leakage indication,
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MEASUR]ENETS One example of the results is shown in Figure
8. Here the response in one of the cell ter-

At the tests were measured: elongation-, minal bolts as measured in a laboratory is com-
acceleration- and pressure-versus-time. Maxi- pared with the measured maximum response in
mum relative displacement between hull and re- the termianl bolts of the storage battery cells
siliently mounted outfits as well as persist- mounted in the 'Steel Mosquito'. Maximum am-
ent plastic deformations in the hull were plitude was obtained in one terminal bolt in
measured mechanically, the centre of the battery compartment.

Before mounting in the 'Steel Mosquito' inert- Testing welded joints shows that building costs
ances of a number of outfits were measured in can be reduced as it has become evident that
a laboratory with the outfits suspended free- welded joints in the skin can be simplified, P
ly. At the test site external and internal thus decreasing costs for hull construction
hull inertances were measured by employing by between 5 and 10 percent.
transient excitation of the oscillatory move-
ment. Such measurements were made both when Results obtained at the tests are extensive and
surfaced and when dived to a depth of 90 m. they are at present being used for the new sub-

marine projecting work.
At each detonation 128 signals from strain
gauges and accelerometers were measured to-
gether with 13 pressure-versus-time se-
quencies. As charges were detonated in various p,

directions from the 'Steel Mosquito' the pro- Figure 1 'Steel Mosquito' surfacing after an
gram had to be altered between each detonation. explosion test.
In all there were mounted 600 strain gauges,
300 accelerometers and 50 pressure gauges. A Figure 2 Launching the 'Steel Mosquito'.
total of some 2,700 signals were recorded. W-

Figure 3 'Steel Mosquito' and various outfits
to be tested.

MEASURING SYSTEM Figure 4 'Steel Mosquito' mooring arrange-
ment.

At the explosion tests two measuring systems
were used in parallel. Figure 6 shows a block Figure 5 Explosion plan.
diagram for the systems. Signals from acceler-
ometers and strain gauges were measured using Figure 6 Block diagram showing measuring
a 128 channel PCM system and for pressure sig- system.
nals a conventional FM system was used. Both
systems were controlled by a computer at the Figure 7 Measuring equipment inside the
shore station and the arrangement was such 'Steel Mosquito'.
that full synchronism between the two systems
was obtained. Figure 8 Comparison between acceleration re-

sponses from laboratory and ex-
The measuring systems each consisted of two plosion tests respectively. ''
parts, one in the 'Steel Mosquito' and one
ashore. In the 'Steel Mosquito' were mounted
FM tape recorder, amplifiers, filters and PCM
encoders, see Figure 6. Ashore were found PCM
tape recorder, time code generator and con-
puter.

RESULTS 0-

The goals aimed at with the explosion tests
have generally speaking been achieved and the
results are now being used for developing a
new series of Swedish submarines. At present
they are not used for improving the shock re-
sistance of the submarine but for decreasing
construction costs. A preliminary cost calcu-
lation shows that savings in building costs,-
are appreciably higher than costs incurred by
the explosion tests. Furthermore Kockums'
know-how has been much improved and a vast
amount of data have been acquired for later
use in our design work.
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K. flellqvist A LARGE-SCALE ...

_________

Figure 7. 'Steel Mosquito' Surfacing after an Explosion Test

Fi '.re d. Launiching the "Steel M.osquito'
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Figure 7. Measurement Equipment Inside the 'Steel Mosquito'
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Figure 8. Comparison between Acceleration Responses
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ively
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DISCUSSION

Voice: Did you gst much plastic
def•-oruation?

Hr. Hellevlst: Not very much. As you
see we can use the test section from
other tests too. Then you can under-
stand that the plastic deformation was
not very large. It was not as large as
we expected and it didn't increase with
the diving depth.

Voice: What sort of velocity trans-
ducers were used?

Hr. Hellqvist: We didn't use velocity
meters. We only used accelerometers.

Voice: How did you predict how much
plastic deformation would occur? Did
you consider strain rate effects?

Mr. Rellqviat: Many years ago we calcu-
lated what the plastic deformations
could be and in that case we didn't take
strain rate effects into account.
Otherwise we have run lots of laboratory
tests on strain rate effects and, as far
as we can see, the strain rate effect is
very low with the velocities we are
working with. The strain hardening
effect is much more important because
the steel becomes harder the more it is
deformed and that is much more important
In this case than the strain rate effect
as far as we can find.
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UNCLASSIFIED

EDESS: AN ELECTROMAGNETICALLY-DRIVEN EXPLOSIVE-SHOCK SIMULATOR*

F. J. Sazama and J. B. Whitt
Naval Surface Weapons Center

White Oak, Silver Spring, Maryland 20910

Abstract
Tiinew series of electromagnetically-driven shock generators

called EDESS is being evaluated at the Naval Surface Weapons
Center for generating explosive-like shocks. A prototype generator,
EDESS-1, has been built and its performance has been evaluated
using 1.0 and 2.0 metric ton payloads. Its shock output and
overall performance are close to design expectations as predicted
from computer-aided analysis of a simple electromechanical model.
Presently, a larger generator, EDESS-2, is being built to extend
the payload capability to 5.0 metric tons and a homopolar-driven
generator, EDESS-3, is being contemplated for 15.0 metric ton
payloads. This paper presents the electromagnetic shock-genera- %

tion concept and reviews the progress made in developing these .,
heavy payload shock generators.

INTRODUCTION pulse-power for generating explosive-like shocks
in sizeable payloads. This objective has been

The strong need to improve the combat sur- accomplished for 2.0 metric ton (2.0 Mg) pay-
vivability of surface ship and submarine equip- loads with completion of EDESS-1. *EDESS-2 is
ment without the burdens of excessive testing presently being assembled.
cost or explosive damage to the surrounding en-
vironment has prompted a search for alternatiws THE SHOCK GENERATION CONCEPT
to present-day shock testing methods. Present
day methods comwiinly employ conventional impact The concept consists of generating explosive
shock machines [I, 2] and, for a range of like shocks in shipboard equipment by means of
larger-scale naval equipment, floating shock the magnetic repulsive force between pairs of
platforms [3] with underwater explosives as the spiral-pancake magnet coils that are sandwiched
driver. A new electromagnetic shock-generation between a large reaction mass and the payload
concept has been proposed and is being studied under test. The concept is Illustrated in
by means of a series of prototype shock genera- Figure 1 which shows a section view of the two
tors EDESS-1, 2 and 3 each capable of impulse- sinqle-layered, spirally-wound coils connected
shocking larger payloads. The acronym EDESS
arises from electromagnetically-driven explosive
shock simulator.

An electromagnetically-driven shock plat- LOADMASS

form offers the attractive possibility of
producing a range of shock environments that
are electrically tailored to represent the in-
place dynamic environment actually seen by the
equipment when shipboard. Additional advantages
such as shot-to-shot reproducibility, reasonable
cost and minimal impact to the surrounding envir-
onment also appear to be inherent in the concept.
This paper describes the concept and the gener-
ators that have been designed and built to dem-
onstrate these features. The primary objective MACTIONMAN
of the effort however is to establish the en-
aineering practicality of using electrical

"-&per presented at the 51st Shock & Vibration
Symposium, 20-24 Oct 80, San Diego and at 2nd
Electromagnetic Guns & Launchers Conf., 4-6 Nov Figure 1. Shock-generation concept:
80, San Diego, CA. repulsive coil-pairs. P).
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in series opposition. When a pulsed current is loc
made to flow into connector A and around the
spiral paths of both top and bottom coils to
connector B, a large repulsive force is devel- 2 9kV

oped between the pair. It is repulsive because 0
the current has been made to flow oppositely in too s VkV
the nearly-touching circular pancakes (+ refers :
to current flow into the plane of the paper and Ik

to flow out). The driving energy is supplied
by the electrostatic energy stored in a capaci- 0 Lc
tor bank, C, shown in Figure 2. When Sl is a U 0.3 * .9 12 s 1.8 2.1

closed the bank rapidly pulse-discharges into TIME--MILUSECONDS
the driving-coil pair. LA and L are the self-
inductances respectively Of top Ind bottom coils. 1000
The coils are also mutually oupled as measured
by the electrical coupling coefficient K. The -20iV
total resistance of the coil-pair circuit, R, !A
is kept small to achieve high energy transfer aSo .kV
efficiency to the inductive pair. As a result :

the inductive-capacitive circuit current is Ickv

slowly-damped and oscillatory. The crowbar
switch S2 is commanded to close when the curmnt
in the coil-pair reaches its first maximum, -
thus producing a single output shock pulse by 0 0.3 0.6 0. 12 1.5 A I 2.1

trapping, in the coil-pair, most of the origin- TIME-MIWUSECONSDS
ally-stored capacitive energy. The top profile IMo
in Figure 3 shows the single output shock pulse
predicted for EDESS-I by the NET-2 code under
these conditions. If S2 is commanded to close
later, on the second maximum of current, then k
the double-peaked shock pulse shown in the Z Mk
middle curve of Figure 3 results. The lower 10kV

curve is obtained when S2 is not closed and the
original energy in the capacitor bank rings
back and forth between the capacitor bank and
driving coils, producing a multiple-peaked l I

shock output. a o3 0.t 0. 12 I IS 21
TME - )LLSECONOS

S11 LA Figure 3. Predicted shock profiles for EUESS-1

C

The shock pulse risetime is furthermore roughly
Figure 2. Shock-generator electrical T/4 as verified by subsequent computer calcula-

equivalent circuit. tions. Formula (1) represents the single output
shock-pulse width that is produced by the shock
generator because once the crowbar, S2, in
Figure 2 is thrown, the pulse width is made up

The design of a generator to produce a of the sum of the current pulse rise time in
single shock-pulse of desired duration and the RLC circuit and the current pulse decay time
shock level is particularly straightforward. in the resulting RL circuit. The pulse rise-
It is achieved for a given capacitor bank by a time is - T/4 and the decay time is - L/R where
suitable choice of driving-coil inductance in L is the coil-pair inductance and R is the coil-
the resulting simple inductive-capacitive elect- pair resistance. The decay time for the range
rical circuit. Because shipboard and submarine of practical coil-pair designs considered was
equipment is generally heavy, their centers of found to equal , 3T/4 hence the single pulse
mass often are not displaced significantly width is just T/4 + 3T/4 or approximately T
during the duration of the shock pulse. Under given by formula (1). When L = 54pH and C =
this condition the choice of coil-pair induct- 600FF3evaluation of formula (1) gives T - 1.13
ance can be based on the simple ringing fre- x 10 seconds which compares favorably with the
quency formula fgrn underdamped RLC circuit, complete coupled differential-equations result
namely f = I/2 .C The single shock-pulse shown in Figure 3 (top). The above single-pulse
duration, T, is then given approximately by formula is coincidentally identical to the
1/f or by, expression for the period of oscillation of the

current in an LC circuit during which two shock
T 2wrVJWC (1pulses would be produced if no crowbar (S2 in

Figure 2) were used at the first current peak.
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This situation does indeed transpire when no 2 ,-
crowbar is used, for exanple as shown in Figure F ' (1/2 LI2 ) Y 5L (I
3 (bottom), where two shock pulses are produced JX ax x(
in approximately 1.2 x 10- seconds, or - T as where I is the instantaneous current flowing in
calculated above. Two shock pulses are produced the coil-pair and al is the local special de-
because no crowbar was used and because the out-
put force is in the same direction regardless Taxrtvattve of the plate separation. The second
of the direction of current flow through the term in equation (4) can be expressed as
coil-pair which is connected in series al/ax- (al/aL) (aL/ax) and al/aL can be shown
opposition, to be very nearly equal to - [I/L. Using equa-

The above inductance, L, is the total tlon (2) in (4) and evaluating the derivative,
circuit inductance which is dominated by the the instantaneous driving force takes on the
inductance of the coil-pair at launch I.e. fom,
before the two coils have separated due to the F 12 am
repulsive force acting between them. As the
pancake coils separate this inductance increases ax
until a maximum is reached at a coil separation This force, F, is distributed uniformly over the
of about one coil diameter. This spatial In-
ductance variation can be expressed in terms of area of the coil-face, thus offering the poss&-
the separate self-inductances of each pancake bility of easy alignment between the applied -
coil, L• and L and the electrical coupling force-center and payload mass-center, a problem
coefficfent, Kbetween the coils, or equlva- sometimes not easily avoided with conventional
lently, In terms of the mutual inductance, N, shock machines. The mechanical equetion ofas follows: motion for the instantaneous shock, 7i, exertedduring vertical boost on a payload of mass m

LALB L2 In a 1.0-g downward gravitational field, thus
LLA+LB- 2 KL =LA+LB- 2t¶. (2) becomes,

For pancake coils, M varies almost exponentially 12 KoL x/. (6) 1
with plate separation, x. For example, the x a g
measured total coil-pair inductance for EDESS-l m
is shown in Figure 4. Thus the mutual induct-
ance can be expressed as, K is the coupling coefficient between the coil-

M M e~xa (3) p9irs when the coil-pair separation, x, equals
0= ' (3) its minimum, i.e. when the coil pairs are restig

on top of one another L is the separate self-where No and • are constants for a given coil- inductance of one of the fw Identical pancake
pair. coils. Since the instantaneous electrical cur-

rent in an underdamped RLC circuit has the
Sa* simple analytic form,

rt
. . I(t) - V 2 r sin (2rft) (7)

210 2ifL e

the peak shock level for a generator can be
estimated quickly by a hand calculation. The

COIL-PAIR INDUCTANCE peak instantaneous current occurs when t '. T/4,
SCOILEPARATION and can be calculated from equation (7). Hence

equation (6) can be used to estimate the peak
g-force level that can be applied to the paylad

2 10 from the given generator under consideration.
The NET-2 computer code was adapted to handle

£ Wthe complete problem namely that of the coupled40 LAUNCHINDUCTANCE electrical and mechanical equations of motion
0 describing the rigid payload model of the gen-

U 11 5 ' ' ' * .. *. erator. The results given by equations (1),
% 5 0 1 10 _S so LSo 40 14_6L _W 940 (6) and (7) embody the essence of the design

COIL SEPARATION, X - CENTIMETERS concept and were generally confirmed by the
Figure 4. EDESS-l coil-pair inductance. NET-2 code results. Of course the NET-2 code,

in addition to predicting shock-pulse rlsetime
and peak shock level, also calculated the
instantaneous payload acceleration, velocityTo achieve a given shock level, expressions and position, and the overall conversion

(2) and (3) are important because they allow efficiency under a range of conditions includ-
the governing shock equation to be derived. The ing appreciable center of mass motion. The
Instantaneous force, F, exerted by the coil-pair code describing the rigid payload model was
on the payload (and on the reaction mass) is used extensively in the design of EDESS-1 and
given by, 2.
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EDESS-1 SHOCK GENERATOR

CAPACITOR MODULE 1
aM EACH I•FF 20kV

CABLS DRVINGCOILPAYLOAD
D AIRVNC PNEUMATIC

CAPACITOR MODULE 2 PAIR FALLIACK29 EACH 1El1MkV •• ______tjqm CATCHER",

u.

HIGH-SAY FLOOR1 ARMOR-PLATE REACTION MASS] LAIR BAG ISOLATION
10 METERS

Figure 5. The EDESS-1 generator

EDESS-1 System Description the coils repel, the ballast is driven inward
between the ballast and reaction mass, thusThe EDESS-1 generator is shown in Figure preventing fallback on the coils.

5. It consists of two capacitor modules, a p nco
set of capacitor-to-driving-coil connecting The heart of the EDESS-1 system is the
cables, one pair of 380 m diameter driving driving coil pair. The first experimental
coils, a pneumatically-actuated fallback driving coil design was based on an electrical
catcher and a 13.3 metric ton reaction mass. scale-up of a proof-of-principle model [4] and
The complete generator including power supply on the desired output shock-risetime of 300 us.
and controls occupies a floor area of 6 x 10 The required self-inductance of the coil-pair
meters. The reaction mass is air-floated to at launch was then established and several spiral
shock isolate the driving coils from the coils of different diameters ranging from 150 to
concrete laboratory floor. Each of the capac- 910 wm were evaluated. Mechanical strength and
Itor modules contain twenty 15 uF, 20 kU, MLI integrity were predominant considerations in
33280 capacitors each being capable of pulse- view of the 200-g, 2.0 ms shocks that were
discharge and oscillatory servirce with high desired. These factors resulted in the first
energy-density storage (70 kJ/m0). The capac- coil (Figure 6) being a 380 mm diameter pancake
itor modules also contain eighty GE GL-37248 consisting of 37.25 turns of #6AWG formvar-
ignitrons which serve as triggered switches: coated copper coil-wire wound in a single layer.
forty to discharge the capacitors (functioning The coil was hand-wound into a 410 mm square
as S1 of Figure 2) and forty as electronic coil form of G-10 fiberglass-resin, 25.4 umn
crowbars (functioning as S2 of Figure 2) to thick and then epoxied in place using Epon-815.
trap the energy in the driving-coil pair.
The capacitors in the bank are connected in The self-inductance of a single coil was
parallel by means of separate low-inductance calculated using Grover's inductance formula
coaxial cables, one per capacitor, to a common [5] for a radially-thick coils,
connector block located close to the driving
coils. Two flexible welding cables each about LA = 0.00254 N2 a P (8)
two meters long complete the circuit from
connector block to driving coils (points A
and B of Figure 1). For the driving coil tests, The calculated inductance was then verified by
payload ballast was readily available in the measurement after the coils were fabricated.
form of naval armor plate, however the effects The factor P is about 16 for the coils here and
of ballast fallback could easily invalidate the is the product of two factors. The first ap-
tests. A simple pneumatic-actuated catcher for plies to a coil of zero axial dimensions and is
the armor plate was built which consists of two a function of the radial proportions of the
steel bars each about one meter long that are coil cross-section. The second accounts for
top-padded with 10 mm thick polyurethane. Be- the reduction in inductance due to separating
fore launch the weight of the payload ballast the turns in the axial direction. The number
rests completely on the two driving coils and of spiral turns, N, which enters quadratically .1
the reaction mass. When the bank is discharged and the mean radius, a, in inches when multi- '
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WELDING C A the boost was completed. The second problem
ANC R CONNECIONS revealed In the tests was that the soft-solder

connections to the coils exploded on severalOT: occasions. This problem was readily solved by
using silver-soldered, bolted connections to the
welding cables. A second coil was fabricated
using a polyurethane impregnant, Conap EN-7, to .f
avoid the surface cracking problem and to employ
a new coil-winding technique to avoid the tine-
consuming hand-winding used previously. This
second coil-pair has performed well without
problem for 20 test firings.

The typical output shock response produced
by EDESS-1 on armor plate payloads is shown in
Figure 7. This response was measured with an
Endevco #2262-2000 accelerometer mounted in the
center of the 1.0 metric ton, 152 mm thick, 914
mm square armor plate by the 380 mn diameter
driving pair. The velocity and displacement
curves (middle and lower of Figure 7) were ob-
tained electronically by taking the first and
second integrals of the accelerimoter output.
New rack-mounted electronics (6] was designed
specifically for this purpose. This data shows A
that the thick armor plate is responding with
drumhead-like vibrational bending, upward

NO. AWM COIL WI -16 center-of-mess motion and to a lesser extent,
by internal stress-wave reflections within the .*
thickness of the plate. Analysis of data like

~'flT T ~ the above indicates that the total energy im-
parted by EDESS-1 to the plate is partitioned "" "
40% to vibrational bending, 50% to center-of-

Somass motion and 10% or less to internal shock
Figure 6. The EDESS-l driving coil pair. waves. Vibrational energy is large because the

driving coil diameter is only about one-third .%
the width of the ballast weight. Subtracting
the vibrational and internal wave energy,

plied times P, give the self-inductance, L, in center-of-mass shock levels of 300 G's (peak)
microhenries. For a single EDESS-1 coil fA for the 1.0 metric ton plate and 150 G's (peak)
was calculated to be 238 uH using equation (8) for the 2.0 metric ton load are indicated. The
and subsequently measured to be 235 umt after shock pulse duration applied to the center-of-
fabrication. For the coil-pair the total induc- mass based on the smoothed instantaneous veloc-
tance at launch was measured to be 54 uH with a ity profile is less than 4 ms with the indica-
* total resistance Including the welding cables of ted risetime being consistent with the intend-
76 ma. The coils thus have a mutual inductance ed design value of 300 ,s, By varying the
of 208 um and an electrical coupling coefficient capacitor bank charging voltage the peak center •,I-
of K a 0.89 at launch. of mass displacement can be varied. These

results are shown in Figure 8. Fluctuations
OPERATIONAL RESULTS in these heights are caused by the large

vibrational component in the plate responses.
The performance of EDESS-1 and of the Center-of-mass throw heights of 250 = were

org inally designed coil-pair has been surpris- observed at the maximum capacitor bank charg-
ingly close to optimistic expectations. The ing voltage of 20 kV with the 1.0 metric ton
first driving coil-pair in which the turns payload. The output shock-pulse capability and
were epoxied into a coil form remains operation- the electrical parameters for EDESS-1 are sum- r
al after 80 test firings although considerable marized in Table 1. .
surface cracking of the mating front faces of
the coils has occurred. The primary cause for The center-of-mass shock levels as indica-
this cracking is believed to be mechanical fly- ted in Table I from accelerometer measurements
back of the copper coil wire which releases de- fall within a factor of 2 of the orininal com-
formation energy which is stored while the shock puter-aided predictions which do nb, .. Ke into
pulse is being delivered to the payload. A account the multi-component dynamic response
second contributor to the cracking was the lack of the armor plate. Four coil-pairs, identical
of anchoring of either coil of the pair to the to the one-pair used on EDESS-1, will be built
ballast or reaction mass during the early tests. and tested in the future on EDESS-2. These
High-speed photography of the unanchored coil four coil-paiEs can be placed to cover the
pair showed violent motions of each coil after entire 0.81 m area of the armor plate with an
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ton armor plate o a 18.8 kV

EDE$S-1 pulse- Figure 8. Maiu ipaeetof a 1.0 metric ''
tnamrplate versus vol-t~ge on_•almost uniformly distributed force. Consequent- EES1

ly the vibrational component should be signifi- 
,,'cantly reduced. Also several obvious refine- capacitor banks are available but competitionments in the computer model of EDESS-1 will fur- for their use is keen. The reaction-mass willther improve its Predictive accuracy. These be trip~ed to around 30 metric tons and therefinements include introduction of electrical number of 380 mmn diameter driving pairs, which .•resistance into the capacitor bank equivalent were used successfully on EDESS-1, will becircuit which was not previously included, the increased to 4. The four-pair shock platform •use of measured rather than extrapolated values and fall back catcher is shown in Figure 10. ,for the mutual inductance curve of the coils and Computer-aided analysis shows that extending .. %accounting for the effects of the finite-sized the number of driving pairs to 4 will keep the

reacion ass.overall energy transfer efficiency nearly thesame as in EDESS-1. The 4 coilI-pair system will -•Table 1. EDESS-1 Shock-Pulse Capability also provide some shock-pulse risettma adapta- •,S Parameters bility by allowing coils to be connected inShock pulse (peak) 750 g's various series/parallel ways. Computer analysis 4ShcPayloadduatomasS bs e 2000 kg also predicts that a range of shock pulse cap-Sokdrto(bs width) <4 ms abilities are possible. These results are '•Shock pulse risetime 300 us given in Table 11. n is the efficiency expres- •-Payload velocity change (max) 1.3 m/s Ised in percent and defined by the ratio of the h.,oPayload displacement (max) 80 mm center-of-mass kinetic energy to the totalCapacitor bank: 40 ea 1SuF@ 20 kV 120 Wa stored energy originally in the capacitor banks. 'Driving coils: 380 mm dia 2 ea 54 pH Particularly interesting is the prediction inFUTUE EFORTthe rightmost column of Table 11 that a singleFUTUREEFFORTlarge 910 on diameter coil-pair will be more
efficient than 380 mm diameter coil-pairs. Con- .Effort is now underway to assemble EDESS-2 sequently a large diameter coil pair has beenwhich will have a 5 metric ton Payload capability designed and will be fabricated and tested in.:/The top and Mie views of the driving platform our facility.%are shown in Figure 9. Generally the system 

..will look very similar to EDESS-1. The numberof capacitor modules (not shown) will be 
ldoubled to store 240 kJ although a tripling

in size would have been desirable. Additional 
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To extend the payload capability of an
CONNECTOR BLOCK electromagnetically-driven shock platform into

the 15 to 30 metric ton range requires a depart- -.
ure from the use of capacitor banks as primary
energy sources. This is primarily because the

CROWBAR capacitor banks required would occupy very large
ICH spatial volumes and consequently not be prac-

tical for transport. Homopolar generators Ix-
hibit high energy-density storage (350 kJ/m
and are capable of storing 10 to 20 MJ.
Machines like this are being considered as re-
placements for capacitor banks in EDESS-3 to
achieve the larger payload capability. A
demonstration experiment to shock-pulse a 15
metric-ton armor-plate pimvload using Wreldon's
5 NJ homopolar generator [7, 8, 9] at the

15 DIA DRMVING ILS University of Texas is being planned for early
next year.

The operating principle of a homopolar

MAS (II TONSI SPRAG CLUTCHES, 401 generator is illustrated in Figure 11. It
consists of a massive, conducting flywheel that

TOP VIEW is immersed in a uniform magnetic field, ,,
perpendicular to the plane of the flywheel.
After the flywheel is spun-up to a stable
angular speed w, the switch S, in the external
circuit is closed, completing the circuit
between the wheel rim and shaft through the
load. A large decelerating torque is produced,
given by,

T=- (9)

" where i is the large current generated in the
external circuit. This decelerating torque re-

W% •,FA Wsults from the circumferential Lorentz force
SIDE VIEW between the current flow in the wheel and the

applied magnetic field. Kinetic energy of the
Fin*,re 9. The EDESS-2 nenerator. rotating flywheel is thus rapidly converted into

a singl, high-current, low-voltage pulse. All
points on the outer circumference of the fly-
wheel have the same polarity potential with

AIRSPRINGS •respect to points on the shaft hence the name
homopolar generator. The entire process can be
run In reverse thus creating a homopolar motor
by simply supplying motoring current from an
external power supply. The load, in Figure 11,

SPmRAG for shock generation purposes, becomes the
CLUTCH PLATFORM I Ielectromagnetically-driven shock platform. An
CATCHERI EDESS-3 system is sketched in Figure 12 using

the University of Texas homopolar generator as
SI-- F ""the primary energy store.

Several important mechanical and shock
control advantages accrue from this approach.

'"I -// -'1 1+'_ / The driving coils of EDESS-1 and 2 can be re-
placed by simple flat driving plates because
the equivalent electrical capacitance of the
homopolar generator is so large (5600 farads for
the 5 megajoule homopolar). Also the risetime
of the output shock profile can be varied easily
by simply changing the applied magnetic field
across the rotor. That this is true can be
readily seen by noting that the voltage devel-
oped across the terminals of a homopolar gen-

Fi,,ure 10. The shock pl<tfnr-: erator is proportional to the applied magnetic
for EDFSS-2 field, o. For a constant stored energy in the
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TABLE 1I. Shock pulse capabilities, using electromagnetically-driven
platforms with a 360 kJ capacitor bank.

-A

0.453 to
PAYLOAD 2.27 to 13.59 14ETRIC TONS 4.53 metric

(ins) 0.4-0.6 1.2-1.4 2.0 8.0-9.5 1.4-1.6
m ON -PAiR

910 M

PAI6* ;%5.

(G' s) 350 100 70 7 240

(m/s) 5.33-1.04 4.18-0.0.73 2.19-0.40 8.66-1.71 4.

18.0-4.0 11.0-2.7 10.5-2.0 3.0-0.6 47-11

(ms)

homopolar of C , the equivalent homopolar CONCLUSIONS 3 t

capaitaceC , vaisas 1/V2 and thus as ••
capacitaince, vare shk /us tet ,fo The present exprn-iments with the EDESS-1l•
equationc (1) shocks pouglsy rasetme, .frmprototype clearly deostrte the feasibility ,

eqain(1 a~s ogl a /,of using electrical pulse-power for generating|H t1t explosive-like shocks In 1.0 and 2.0 metric ton

H --- (10) payloads. The key to obtaining reliable shock
iperformance lies In developing reliable and

This means that the shock pulse risetimne can h efficient driving-coil pairs. A considerable
cutontl by) varyinsroughly a, i /e. theg trange of output shock profiles and payloads

controlled ~ ~ ~ ~ ~ ~ ~ o usin vrig® e.hegatr ,ap erspsletringcalpsepowertoorbgenesratping

the sharper the shock onset. This appears toan s as prim-
be~ ~ ~ ~ ~ ~ ~ ~(0 pnipratcnrlavnaewihhsarylas e rg sTorhe k eiesy tob ainn reliale tshock

heretofore not been possible on EDESS-1 and 2. with EoESS-2. Homopolar-powered systems appear -nd

Peak shock levels can also be controlled with- promising for larger payload shock-testingout chansing that ive sh ape of the oucan applications where high efficiency, siplicityb

shock o roflle by simply changing the gre la r and compactness are important aspects.
speed, r, t shic the homopTlar generator is
originally spun. These features are currently
being studied in the design of the EOESS-3,

generator.
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DISCUSSION

Hr. Misovec (Weidlinzer Associates):
Could you comment on the control you
might have over pulse shape?

Mr. Sazama: We will explore that in the
EDESS 2 generator. There the major
control can be achieved by placing the
driving coils in series or in parallel
and that is the easy alternative. The
other alternative is to design other
coil-pair sets that have different
resonant frequencies for a particular
shock application. That would be the
direct way of doing it. Another
possible alternative with the capaci-
tively driven system is to change the
capacitance of the driving bank; and of
course you can always vary the charge
voltage on the capacitor bank to vary
the level. We have not run extensive
test.s on the adaptability of the system
but we have run computer studies which "
show us that the range of possibilities
is very promising.

Mr. Wise (Watts. Inc.): Can you improve
the rise time and is it possible to
conceive of an anvil in a water tight
package so you can simulate a shock wave
In the water?

Mr. Sazama: We have thought of that.
Mr. DeVost has sketched a concept of
generating underwater shocks using this "

as the driver. As far as improving the
rise time. in the capacitively driven
system it is very easy to go to a very
fast pulse. In fact, we could go down
to microseconds as Sandia can testify.
The flyer plate technology is a hundred
to maybe fifty microseconds in response
so it is very easy to go to a faster
pulse. We have problems in the capaci-
tively driven system with the opposite,
which is to go to a five or a ten milli-
second problem. We can easily go to
very fast pulses. Very fast pulses are
not of interest for our purposes because
we are interested in the big payload
capabilities but we can usually do that.
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ANALYSIS OF ENERGY-ABSORBING SHOCK MOUNTS

V. H. Neubert
The Pennsylvania State University

University Park, PA 16802

The behavior of nonlinear energy-absorbing shock mounts or
shock snubbers was measured in a standard test machine and in a
drop table shock machine. Configurations tested were an aluminum
honeycomb and low carbon steel end-loaded tubes, side-loaded tubes
and double reverse corrugated metal.

Some configurations deform by buckling, with associated posi-
tive and negative stiffnesses, while others yield without buckling %

and exhibit primarily positive stiffness. Analysis was carried
out, guided by the experimental results, of energy-absorbing mounts
in series and in parallel with linear mounts. The mechanical fuse
effect of the energy-absorbing mounts is demonstrated in the series I
arrangement. In the parallel arrangement the energy-absorbing aount
helps reduce deflection.

INTRODUCTION termine load-deformation behavior taking into -
account deformation rate where applicable. The

The present paper summarizes material pre- configurations are: aluminum honeycomb, ax-
sented in references (11 and (2]. ially-loaded tubing, a double reverse corru-

gated metal (DRCM), and side-loaded tubes, with ý0
The problem considered is the protection of more emphasis on the last two. At the begin-

equipment during ground shock through the use of ning it was decided that, for practical put-
energy-absorbing shock mounts. A one-degree-of- poses, the thickness and stroke of the mounts
freedom representation of one system is shown in should be less than 3 inches.*
Figure 1. The machine or equipment to be pro-
tected is represented by the mass. Sometimes The aluminum honeycomb and axially-loaded
there is a vibration mounting for small ampli- tubing were tested in only one direction. In-
tudes, possibly representable by the linear itially they behave elastically, but for higher
spring and dashpot. For large amplitude shock, loads they deform by plastic buckling with the *

the shock mount, or snubber, is depicted here as load-deformation curve showing regions of al-
L(t), which here is taken as a nonlinear, en- ternately positive and negative stiffness. The
ergy-absorbing component. This nonlinear shock honeycomb behaves in a similar manner. The un-
mount is the subject of the present study. constrained DRCM and the side-loaded tubing

yield without buckling and present a smoother
The free-body diagram in Figure l(b) em- load-deformation curve. While the DRCM is

phasizes the forces that act on the body during loaded in only one direction, mounts made of
a specified ground motion yo. A primary goal .. side-loaded tubing were loaded in three ortho-
is to limit the maximum absolute acceleration y gonal directions. In addition, the side-loaded
felt by the mass; an equivalent goal is to limit tubing may be straightened for re-use, and load
the maximum resultant force acting on the mass. vs. deformation curves are presented for

straightening tubes with various initial defor-
An alternate arrangement is shown in Fig- mations.

ure 2(a) where the energy-absorbing mount L(t)
is in series with the linear mount. Here the Data for a set of elastic Aeroflex Corpor-
force acting on the mass is always the same as ation twisted wire cable mounts is presented
that transmitted by the mount L(t), and the for comparison.
mount could be designed to act as a mechanical
fuse so the force transmitted would never ex- Finally, results of analysis are presented
ceed a certain value. in which the attenuations provided by several

mount combinations are compared. As expected,
Several configurations were studied to de- 'See Table 6 for conversion to SI Units. .
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Figure l(a). Parallel shock mount system. Figures 2(a). Series shock mount system.

• k (Y -Y o I €(ýY -_ ,o) L (t ) k (y -z)

Figure l(b). Inertia force and free-body die- Figure 2(b). Inertia force and free-booy
grams for Figure l(a). diagrams for Figure 2(a).

reducing acceleration by using a soft mounting aluminum is much less so. The dependence of
system results in larger deflections, but pre- the dynamic lower yield stress a(l) on the
dicted deflections are less than the specified plastic strain rate i, for strain rates up to
stroke of the mount. 1000/sec, was represented by Cowper and

Symonds [61 as the following empirical expres-

VATERIAL BEUAVIOR AND RATE EFFECTS sion,

The important material properties are 1
elasticity, yield stress, ductility, rate sen- GM l+ p (1)
sitivity, post-yield stiffness, and ultimate a
strength. I

The metals of interest are steel and alum- where o0 is the static yield stress, D and p
inum. The strain rates are associated with are material constants and p may be taken as an
gross structural motions of equipment on their integer. The values D - 40/sec and p - 5 were
foundations and range up to about 30/sec. The deduced from data from tension impact tests of
elastic modulus is practically insensitive to steel of Manjoine [7]. For aluminum [8] the val-
muhlaenta s tud es ofyil phenmenyaffc in rixally maie aareaigdnmc il o"such loading rates. A primary effect of rats ues were in the range of 13-6500/sec and p - 4.
is the Increase in yield strength. Hacker 14], Beleheim [9] discussed dynamic yield stress as
in Reference 131, recently summarized experi- related to strain rate and Vigneas (10] sum-mental studies of yield phenomena In biaxially maiedtarlindymcyedto"-

loaded metals, giving 277 references. Lindholm layed-yield tine." The tine delay between
151 reviewed methods for conducting tests over applied dyanmic stress and resulting strain
the range of strain rates. Structural steel is is another important effect which is accounted
typically very strain rate sensitive, while for to some extent in the constitutive equation
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proposed by Malvern [11].

- + K(a-ast)n (2)

Here E and a are functions of time, E is
Young's modulus, ast is the static stress for
the same strain, and K and n are material par-
ameters. Cristescu [12] and others have dis-
cussed more general forms of constitutive equa-

Plass [14] developed a constitutive equa- rll:]
tion for beam bending by assuming plane sec- -_
tions remain plane after bending and integrat- % ,*

Ing (2) over the beam cross-section, with the - ..
result "

- -[ + R(H-Mst)n (3)

Here k is curvature rate, M is dynamic moment,

El is bending stiffness, and Mst is moment ob- %"-- 4

tamned from the static moment-curvature curve. ________._

Some surveys and extended reference lists PL" VIM

related to dynamic plastic behavior of struc- - 1,.t,. ,: .S/A.- -

tures are given in references [33] thru [44].

The type of law in equation (1) applies
best to perfectly plastic materials since it
relates only to increased yield stress. S.,,:
Perrone [13] suggested a flow law in Equation
(4) which accounts for the strain hardening
aspects as well as increased yield:

- [1 + v [+ c] Figure 3. Simulated machine-snubber configura-
tion using steel plates and side-
loaded rings.

c f •(•) (5) 0

If the strain hardening is a function of strain
rate, then equation (6) could be used with (5). machine and shock mount on the shock machine
For the present study, equation (5) was used table. Here the machine is represented by two
for fitting curves to dynamic stress-strain rigidly connected steel plates and the four
data, with c a constant. However, in predict- side-loaded rings are the shock mounts. Ac- 0

ing timevise behavior for beams or other struc- celerometers were located on the shock machine
tures an equation of the form of (2) has also table, to measure yo, and at locations A, B.
been used [1]. and C on the top of the plate, to sense y as

well as rigid body rotation about two axes.

The displacements y and yo were obtained % No

The tests were performed on a Tinius-Olsen by integrating the accelerations twice. The
test machine and on a drop table shock test deformation of the nonlinear mounts is then
machine. Yr - Y - Yo.

The Tinius-Olsen is a controlled deforma- CONFIGURATION CHARACTERISTICS
tion machine on which specimens were tested at
a constant deformation rate. Load versus de- Aluminum Honeycomb
formation is read out on an x-y plotter. ,

Honeycomb has received considerable atten- - .
The drop table shock machine is an IMPAC tion as an energy-absorbing, cushioning mate-

1818 from Monterey Research Laboratory, Inc., rial for protection during air drops of equip- %
now part of MTS Systems Corp. The elastomer ment, moon landing of space craft and for many
programer used produces approximately a half- other applications. An excellent tutorial paper
sine acceleration pulse at the table. In Fig- on cushioning for aerial delivery was given by
ure 3, an arrangement is shown of a simulated Thompson and Ripperger [15].-%4.%-^

%? %
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The materials which have been tested most U = U + U
are paper and aluminum honeycombs. For air c s (ii)

drops, the ideal load-deformation curve is flat. F - F + F
One measure of the efficiency for energy absorp- c s ',

tion is In addition it is noted in [16] that if
the ratio t/S > 0.004, the gross shear mode

U failure will occur, rather than the crushingEfficiency - -x 100% (6) mode. This is undesirable since the energy
m absorption in the shear mode is less than in

where U - area under stress-deformation curve, the crushing mode for the same t/S ratio.
am - maximum stress and d is maximum deforms-

tion. Thus a rectangular stress-deformation As part of the present investigation, ex-
curve would represent the ideal efficiency of periments were performed on aluminum 5052 alloy jk.,
100%. Paper honeycomb has a nearly ideal honeycomb donated by American Cyanamid Corpora-
stress-strain curve up to about 70% strain, tion. The honeycomb was military grade, den-
above which it stiffens as it begins to bottom sity 3.7 lb./ft. 3 , 3/8" core, 0.0025 metal gage,
out. and 5/8" deep. The crush strength is published

as 290 psi and compressive strength as 200 psi.
Aluminum honeycomb stress-strain curves A quasi-static load-deformation curve from the

typically show an initial sharp stress peak, Tinius-Olsen machine of a 2" x 2" specimen is %f
called the compressive strength, at which buckl- shown in Figure 4. There were thirty complete
ing begins. As the strain increases further, cells. A photograph of a typical deformed
the stress drops to a nearly constant level, specimen is shown in Figure 5(d). The inner
called the crush strength, which is usually 65 cells deformed by the formation of successive
to 70 percent of the compressive strength. pleats, much as the axially crushed tube shown
Data sheets are available which list compres- in Figure 5(c). Three pleats can be seen in
sive strength, crush strength, shear strength Figure 5(d). The outer walls buckle in a mode
in two directions, and beam shear modulus. A involving the total depth of the specimen. The
typical aluminum honeycomb may be specified as initial peak or crush strength is higher than
3.7 - 3/8 - .0025 which means successively: 4 in 2 x 290 psi expected from the advertised
density in pounds/ft 3 , cell size in inches, and value but the advertised compressive strength
metal gage in inches. of 4 in 2 x 200 psi is close to the average af-

ter the first peak.
With regard to analysis, McFarland (161

discussed two possible modes of failure for
honeycomb, a crushing mode and a gross shear
failure mode. For the crushing mode the energy
Uc and force Fc are

Dot 2 Pw 2000

U Do (2.057 + 12.396 -t) (7)
Uc 4 D 100

Dot Pw 1600

F D 0 2 (4.750 + 28.628- ) (8)

F = -- 1400
where Secin area - 4 in'

t - cell wall thickness 1200 3o complete cells
S - cell minor diameter
D - [S/3]1/2 - width of cell wall I1OO

Pw - width of basic panel element
(D/4 < P w -< D/2] Soo

The deformation occurs in an accordian- 600
like pattern, with Pw the length of one pleat, a.
measured along the slope, from peak to valley. 400 .. _
For shear deformation, using qo as yield stress Cu

for shear,
200

us - 0.433 qotDPw (9) 00

S .10 .2.30 .40
1.155qot

F 1 0 (10) [)eformation, in.

Figure 4. Experimental load versus deformation
The total energy U and total force F are for aluminum honeycomb.
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(a Sielae as-received-tube

a--

, .-

(a) Side-loaded as-received tube

€ ~~(c) Axially loaded crushed tube" ""

(d) Axially loaded honeycomb

Figure 5. Photographs of deformed specimens.

The initial high peak in the load-deforma- Shaw [26] studied this type of deforma-
tion curve is undesirable in a shock snubber, tion and attempted to predict the length h of
since it leads to a high transmitted accelera- the tube involved in one pleat. An Euler in-
tion. To avoid this peak the honeycomb may be stability is assumed to be involved. The bucki-
pre-crushed or pre-dimpled [17]. Further data Ing load for a slender column of height h with
on honeycomb is given in [171, [18] and [1919. hinged ends constrained to remain vertically

aligned is
Axially Loaded Crushed Tubes 2b'S.-"

Axially loaded tubing has been investi- P l (12)

gated In a crushing mode [20,21] a "frangible" h
If, further, the instability occurs when themode [22,23,24], and an inverting mode f25]. tube jus bemes t ic, then

tlon To voidthi pea thehonycom maybe tube t just becomes patic theinole.Tebk-

The axially loaded tubing in a crushing

P =2E ti (13) -.

mode deforms In an accordlan-like fashion. The 0 (3
load-deformation curve has a large Initial P h
peak and then oscillates about a fairly flat Te, using th instabilimt ingrs gies
average. The oscillations are due to the suc- t u oi h"
cessive formation and bottoming out of new (I4 %
pleats. t k21 (14
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Shaw said this agreed well with the observed For the present study, several tests were
pattern with a mandrel in place, which aided in run at moderate loading rates in the Tinius-
stabilizing the formation of the pleats. The Olsen machine of the 2" diameter steel tubing
load was related to deformation x by 0.065" thick under axial loading. A typical

load-deformation curve for an as-received, 2"
long tube is shown in Figure 6, in comparison

P - rdto t+ 1+ (15) with that for an annealed tube of the same size.o h 2dtx j The ends of the as-received tube were cut with
The minimum value of x for which this equation a tube-cutter, while those of the annealed tube
Thels minimo vale ofsplace t x which this euatn were machined square. The end conditions af-
holds is xo, the displacement at which the is fect the initial shape of the curve, until the
tic hinge first develops. The value of 10 is end starts to curl in and the first pleat be-

x ____(6 gins to form. The deformed, annealed tube is
o 0 2 (16) shown in Figure 5(c), showing two well-formed
h d 2 -rt 2 pleats. The pleats develop successviely and the

I+ 4-() (1 •" rise and fall of the load-deformation curve is
associated with the formation of successive :

The approximate outside diameter of the flange peaks. wh f a n s s
formed in one pleat is

Double Reverse Corrugated Metal
D-d+h-t (17)

Double Reverse Corrugated Metal (DRCM) is
The predicted value from these equations agreed manufactured by Transpo-Safety, Inc. and is
well with static test results, but not with dy- often used as a wind screen, a snow drift bar-
namic. rier, or a headlight glare screen between high-

way lanes. It is a plain carbon steel with car-
bon less than 0.25%. The flat galvanized steel,
with measured thickness of 0.0335 in. and steel k
thickness of 0.026 in., is pierced by short
slits 1/2" apart in an alternating pattern as

40.0O0 shown in Figure 7. Every other section is bent

5%

ift'

30/000-

A A

£ lithe otter e, ds

20,000 S

V/A

Figure 6. Experimental load versus deformation Figure 7. DRC before loading..

for as-received and annealed tubes
loaded axially.

III Cedar Street, New Rochell, NY 10801..
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SAA U n€constrained

End 4S - W. Unconstrained
b•t •imi, oY !

4
.. Iy "I,.@dCC. UnconstrainedSJfold Warly 1losed
fold. P

Section afte . .'' 0. dfor.atio., with, *d. -sriod.r.,,.

Figure 8(a). Section after 0.25" deformation
with ends constrained. 3

RO25

S.j I20i

Secttion ater 0.68" deformatlio with ends free, 10

Figure 8(b). DRCM section after 0.68" deforma-
tion with ends free. S

up into half-hexagon shape, while the in- 0
termediate sections are bent down into a sim- 0 o.2 0.3 0.4 0.5 0.5 0.7 0.5 0.5 1.0
ilar shape. The overall thickness of the re- A. in
sulting corrugated sheet metal as received was
1.02 in. Figure 9. Pressure-deformation for uncon-

strained DRCM.
The DRCM was tested in compression only.

All specimens were cut from the same sheet, from that of the others. M.
Test results of seven specimens are given in
Figure 9 and 10, with information about each At 821 deformation the typical DRCM spec-

, specimen given in Table 1. As the material is men with ends free has absorbed about 670 in.
compressed the arches are bent down and the lb/in.3 of energy.
specimen tends to lengthen as shown in Figure l
8(b), if the ends are unconstrained. The first In Figure 10, pressure-deformation curves
five upecimens were tested with unconstrained for two specimens with constrained ends are
ends. Results for four specimens are shown in presented, in comparison with a curve fcr
Figure 9. The ordinate is pressure, equal to specimen EE which had unconstrained, or free,
applied force divded by initial planview area. ends. Considerable pressure is required to ini-
The abscissa is deformation. tiate plastic deformation in the constrained

specimen because folding must occur, as shown
The specimens were tested to varying maxi- in Figure 8(a). Note that the constraint is

mm deformations primarily to be able to study only in the horizontal direction. The flat
the deformation pattern for various percentages portions of the arches start to curve up or
of deformation. The specimen behavior was down as folds form progressively. The steepest
fairly repeatable except that the load for BB pressure decrease occurs after a fold has de- %
was about 17% higher than for the others and veloped on every downward arch on the center-
the recovery of load-carrying capacity occurred line of the specimen. The stiffening at the
sooner for BB, at about 42% deformation. The 0.35 inches deformation began as the folds be-
reason for the difference between BB and the gan to be flattened.
others may be due partly to variation in be-
havior of the edges of the specimen, but it was Some of the irregularities in the curves
also observed that the deformation pattern of are due to edge effects which would be less
the internal corrugations for BB was different prominent in larger specimens. a
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Initial Final
I x W Length

Specimen Boundary (in. x in.) max (in.)

AA Unconstrained 3 x 2-1/2 0.92 3-3/4
BB " 3 x 2-1/2 0.61 3-5/8
CC " 3 x 2-1/2 0.55 3-1/2
DD 3 x 2-3/4 0.25 3-1/4
EE " 4-1/2 x 3-1/2 0.85 5-5/8
FF Constrained 4-1/2 x 3-1/2 0.72 4-1/2
GG "1 4-1/2 x 3-1/2 0.4. 4-1/2

Table 1. Summary of DRCM specimens tested.

II Constrained specimens absorb more than "

1/t0 twice the energy absorbed by the unconstrained,

1Constrained but the high initial peak and sudden drop-off
C Constrained is undesirable in shock mounts. This could be

. ncontrained overcome by pre-compressing the material about
160 0.1 in. The stiffening at 0.35 inches is also

undesirable for the constrained specimens. In
general the unconstrained material displays a
load-deformation curve better suited for shock

140 mounting.

l e SIDE-LOADED TUBES

120 I Equations for Side-loaded Tube in Compression
I

ino? I ~The large plastic response of side-loaded
Creek 5 .tubes under static loading between two rigid

100 plates has been studied analytically and ex-

I perimentally 127,28]. The deformation A is re-
lated to load P and tube average diameter d by

p 0 o o < A < -- (18)

60 d
The solution ceases to be valid for A > dI_2

40 The load P0 is the load at which the tube be-

SfEm•.sm . gins to deform as a mechanism after formation

of plastic hinges at the quarter-points. The
20 load Po is related to the fully plastic moment

No, the mean radius r, the tube thickness t,
and the tube width W by

0 4M a t W
0 0.1 0.2 0.3 0.4 0.3 0.6 0.7 0.s o.9 1.0 P0  r r (19)

For the dynamic behavior of material under uni-a. i.. axial, impulsive loading Perrone (291 suggested

Figure 10. Pressure-deformation for con- a simplification in the analysis, namely that
strained DRCM. the initial strain rate could be assumed to be

constant throughout the entire flow process.
For a pulse-loaded structure, it is necessary

to estimate the peak strain rate and assume
the associated stress to be constant.

.%-%
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For an application of side-loaded rings to
highway impact data, Perrone [30] presented
stress versus strain rate data for 10-2 < j <
400/sec and static load versus deflection
curves for tubes of three different types of
steel. These tubes were 18 inches in diameter. 300

With regard to energy absorption, Perrone
assumed that the load-deformation curve rose
linearly from Po at zero deflection to 2Po at
deflection equal to 2r, so that the energy U
absorbed is approximately

= 3 t2W (20)U ý 3Por - 12M° .o t2W(0
0 0 0

The result is surprising, since the energy
absorbed does not depend on radius of the tube.
Rate of loading effects may be taken into ac- 20
count by increasing the yield stress according
to equation (1).

It should be noted that in reference [28] developed) •'
it was assumed that the tube was being crushed
between parallel plates so that the contact
point would separate into two points which move d received

out as the characteristic peanut shape develops 0"Imn.

for the tube. In reference [30], the loading
appears to be more centrally applied, which
results in a softer load-deformation curve 1000

for large deformation. Annealed

The maximum load carried should occur at
maximum deformation, unless the tube fails be-
fore that. Failure could occur at the plastic
hinges for brittle metals. The suitability Anneaed
of the material can best be determined by tests
of the tubing itself.

Test Results for Side-Loaded Tubes In Compres- m
sion 0

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6

The tubes tested were all obtained from Dformatio. in.
one piece of round seamless mechanical tubinge
of cold drawn carbon steel, with 0.10 - 0.25% Figure 11. Load vs. deformation for a 2" long,
carbon. The wall thickness was 16 gauge or side-loaded tube, using Tinius-Olsen
0.065 inches, and the outside diameter was 2 machine. (Tube edges cut by tube
inches. Some of the tubing was annealed, after cutter.)
it was found that the as-received tended to
crack at the plastic hinges at large deforma- v

tions (see Figure 5(a)).
rates. Plastic hinges tend to develop, first

Small tensile specimens were cut from the on the top and bottom and then on the sides of
tubing with the axis of the specimens in the the tubing, so finally there are four hinges
direction of the axis of the tubing. The located at 90% intervals around the tube circum-
specimens had a slight curvature and the ends ference (see Figure 5(b)). All the as-received
were flattened in the grips, but this was tubes developed cracks at about one inch deform-
thought to have little effect on the tensile ation. On Figure 11, a load-deformation curve
properties. The annealed material had a def- is shown at a loading rate of 20"/min. A sud-
inite yield at 44,000 psi. Tubes were an- den, temporary, loss of stiffness occurred when
nealed at 1200*F for 140 minutes and then oven the cracks developed. This tubing was judged
cooled for 24 hours. The as-received exhibit to be unacceptable in the as-received state and
strain hardening and had a 0.2% offset yield all subsequent tests were done on annealed tub-
of 65,000 psi. ing. Test results for annealed tubing at two

rates are shown in Figure 11. The varying
Specimens 2" long were cut from the as- slopes of the initial elastic portion of the

received tubing in a non-ideal, but practical, curves were due in part to the raised edges
way by using a plumber's tube-cutter. This produced by the tube-cutter. Specimens for
produced a v-shaped groove. The tubing was later tests were cut and had edges machined on
tested in the Tinius-Olsen machine at varying a lathe.

157•• -

IL IL. % % % V VV %" V V



Experiment

20001000 Theory

"90

1e00- IN - Drop 2(10

S700

Drop 2 (IS")
120 Dro 1 Drop 1 (10'1)

Sooo !
8000/

40020

100I

00 0.2 0.4 0.6 0. A 12141.6 1.6 01 1V

0. .6 1. 0 1. 2 L.• t. .• . .1 .2 .3 .4 . 6 .7 .8 .9

Deformation. in. Deformation, in. ,

Figure 12. Load vs. deformation for annealed, Figure 14. Theoretical and experimental load-
side-loaded tubes using Tinius- deformation curves for 10" drops 1
Olsen and shock machines. and 2, for side-loaded tubes.

S so

•1•; -IMp 4 00O") k. -Y'jj ý

• . pro 3 (Iw") '
40 40

0-30

20 20

is 10 I
Figure 13. Input acceleration Yo and trans- Figure 15. Theoretical and experimental accel-

istted acceleration Yl versus time, eration vs. time; Yi, for 10" drop

drops 1,2,3, and 4 using side- 1, for side-loaded tubes.
loaded tubes.

) ~158 j

Ise

Sq%



•- ..

In the shock machine, four 1/2" long tubes The L(t) curve was a bi-linear curve which I 6P
were used, rather than one 2" long tube. In was estimated from test data from the Tinius-
static compression tests, the load-deformation Olsen machine, but with the yield increased to
curve for four 1/2" long tubes was practically account for rate effects. The input was meas-
identical to that of one 2" long tube, at the ured Yo. Agreement is good except for the un-
same loading rate. loading curve and the residual deformation for -,

Drop 2. r

In one set of shock machine tests, a set P. .0
of four 1/2" long annealed tubes was submitted Predicted acceleration versus time is ="
to eight successive 10" drops and then a 15" given in Figure 15 for 10" Drop 1 and in Fig- .!
drop. Resulting load-deformation curves for ure 16 for 10" Drop 2. In Figure 16, the ef-
Drops 1 through 4 and Drop 9 are shown in Fig- fect is studied of doubling the theoretical
ure 12 and compared with a curve at 0.05"/min. elastic stiffness ke of the tubing. The ke =
deformation rate on the Tinius-Olsen. The 8300 lb./in. produces the better fit.
higher rate of loading in the shock machine
produces a higher yield stress. Note that less In general, predictions are good for side- %

energy is absorbed on each successive drop. loaded tubing, but could be improved by incor-
porating a constitutive equation of the form of

Transmitted acceleration is compared with equation (2).
base acceleration in Figure 13 for the first
four 10" drops. For the first drop the maximum .,
transmitted acceleration, y, is about 26 g com-
pared to a peak base acceleration, y0 , of 45 g.
However, by the fourth drop, the tubes fur-
nished no attenuation.

For analysis of data, several non-dimen-
sional quantities were used. A non-dimensional
deformation is given by %

2-- (21)

2r.%

The theoretical maximum deformation is Experiment
SO Theory k. - 8300 lb./in.

Aax - di d - 2t - 2r - t (22) Theory ke - 16,600 lb./in.

and the non-dimensional maximum is "0
40 

%".-

11t (23) .- A
max 2 r

A non-dimensional load is achieved using 30
Equation (19) as o

- Pr .%Oot2W ~ ~~(24) "•".:'%

In plots, a reference yield stress value co =
45,000 psi was used. If that value is also the
yield load, then obviously at yield,

Pr 10
P = - -2 (25)

Theoretical Results for Side-loaded Tubes in 0 I 1 %-
Compression 0 10 20

In Figure 14, predicted load-deformation Time, milliseconds
curves are compared with those from measure- Figure 16. Theoretical and experimental ac-
ments. To predict the results, an equation celeration vs. time; yl, for 10" %
based on Figure (1) was used, with Yr - yl - drop 2, for side-loaded tubes.
Y c - 0 and k - 0: ** .*

my + L(t) - -mg
(26)

or mjr + L(t) - -mg - myo
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1 Experi-
(1 + ) Predicted mental

Tubing ins) 0o o .1

d " 2.00" 2.3 x 10i5 1.056 34,800 35.000

t - 0.125" 1.6 x 10-4 1.083 35,700 36,000

1.6 x 10-3 1.13 37,290 39,600

d - 3.06" 1.66 x 10-5 1.053 34,700 (Experimental) 34,700

t . 0.073" 1.2 x 10-4 1.078 35,600 35.500

1.2 x 10-3 1.124 37,000 37.800

Table 2. Predicted and measured value of dynamic yield stress.

Rate Effects for Side-loaded Tubes in Compres- This value of oo was used to calculate the %

sion other five values of predicted oo' in Table 2.

Annealed tubes of 2" and 3" diameter were The Table 2 shows only that if oo is esti-
tested in compression in the Tinius-Olsen ma- mated from the data obtained at the lowest rate
chine at three different deformation rates: of loading, then Equation (1) gives a good esti-

0.016, 0.114, and 1.16 in./min. The resulting mate of the yield stress at the two higher I
load-deformation curves are given in reference rates of loading.
[2]. In order to predict increased yield,
equation (1) was used, with D = 40.4/s and n = The shape and parallel nature of the load-
5. deflection curves after yield indicate that the

dynamic behavior of the rings can be represented
by the curve shape obtained from static tests if

,' 0 1 the yield stress is modified according to Equa-
I- + (_)n (1) tion (1).

0

Strain rates were not measured during the Straightening of Deformed Tubes
experiments, but they were estimated from ex-
perimental data as follows. The smallest ra- Experiments were performed to straighten
dius of curvation after a loading interval At side-loaded tubes which had been deformed pre-
was approximately viously in compression. Under first loading

the circular cross-section is deformed into the
d - nAt typical peanut shape. The method used to

rf 4 (27) straighten the tubes was to simply rotate the
deformed tubes 900 and compress them again in

The curvature rate was obtained from the Tinius-Olsen machine.

t 1 - 12)nSome typical shapes are shown in Figures
Sy2- f- -) (28) 17 and 18. Tube A is undeformed initially and o

r r then compressed under first loading to a final

Here a is the deformation rate. The time inter- outer thickness of 1.49". The corresponding

val At was taken as 5 minutes. maximum width was 2.48", so the final dimen-
sions of the tube A are given as 1.49" x 2.48".

The measured values of Po were taken from Tubes B, C, and D were already deformed,
data. The experimental co' was then obtained
from equation (25), assuming oo= oo' for the as indicated by their initial dimensions in

lowest deformation rate. Figures 17 and 18. They are shown after a 900 10
rotation. They were then compressed to try to

The theoretical value of 0o was then esti- return them to the original circular shape.

mated from the lowest strain rate for the 3" The initial deformations of tubes B, C, and D

tubing by: were E - 0.55, 0.68 and 0.83 respectively. The
final shapes in Figures 17 and 18 show that B

34,700 - 1.053 (ao) returned to a nearly circular shape, but tube
3470 D was almost square after straightening. The

effect of several cycles of deforming and
or 00 . 33,000 psi straightening was not studied.
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Tube A, Initial

2.00" x 2.00" Tube 0. Initial Tube C, Initial

2.78" x 0.90" 2.T6" x 0.tS" Tube C i initial

z.9s" x 0.3s"

Tube A, Final

1.48" x 2.48"
1.97" x 2.08" Tube C, Final Tube D, Final

Figure 17. Tube A before and after first load- 2.09" x 2.02" 2.07" x 2.06-
ing. Tube B before and after Figure 18. Tubes C and D before and after
straightening. straightening.

The load versus deformation curve associ- Resulting load-deformation curves are "_0

ated with the initial loading of the annealed shown in Figure 21 for four annealed rings hay-
tube A, with do - 2", W = 2", and t = 0.065", Ing do = 2" and t - 0.065". It is seen that
is shown in Figure 19. The measured yield the rings sustained considerable deformation in
stress for this tubing is oo . 44,000 psi. The each direction. The stiffening for large A was
loads required to straighten tubes B, C, and D, due to the constrained boundaries, which lead
which had the same W and t, are also shown, to development of tension in the rings at large
The curves rise to a large initial load and deformation.
then show a negative stiffness until they are
straightened to the nearly circular (or square) Burns [31] s nmmarized the properties of
cross-section. certain yielding, cylindrical mounts as follows.

Numerical values are for the 2" diameter rings.
Directional Properties of Side-loaded Tubes

In addition to the compression tests of -
side-loaded tubing, tests were conducted in the Shear n [ 2(_O) ]2 1/2 (30
shear and roll directions. noW2 [1 -ý (30)

For the shear and roll tests, a jig was 3 0nr 0
used as shown in Figure 20, using eight rings, P - - 8350 lb.
each 1/2" wide, in parallel. Shear corresponds ox -2 3(r 0 - t)/r0

to the x-direction, roll, to the y-direction.
Rings were clamped at the outer edges. The in-
ner edges were attached to a push plate, onto
which the load was applied.
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Roll

nk t 3
"k 3- 1748 #//in. (34)

*' 200 Compress ion
Tube Initial (in.) Final (in.)

0 2.96 0. SS 2.07 x 2.06 k=nt 3

C 2.86 0.6s 2.09 x 2.02 k nEWtl 3 - 9203 #/in. (35)• " c ~ s• o.6 z.0 x zo2 z 1.79r 3
"...... 8 2.78 0 0.90 1.97 x 2.08 0

2000 A 2.00 x 2.00 1.49 • 2.45 Comparison with the curves of Figure 21 indi-
cates fair agreement between predicted and
measured values for roll and compression, but
an order or magnitude error in predicting the
values for shear. The reason for this discrep-

I300 ancy is not entirely clear, but two reasons are
suggested: (1) the rings deformed also in tor-
sion and the theory includes only bending and
(2) the ring clamps and supporting jig were not .or
a perfectly rigid support.

I 
%

I ..................... ........................ ... .... .... .. . . .. ....II

0 0.1 0.2 0.3 0.4 o.S 0.6 0.7 0.5 0.9 1.0 ,

Figure 19. Load-deformationanD for tubes A,B,C, 
r',

Roll tZ

no Wt 2"p - - 186 lb. (31)Poy d o_. 
.

oy d0 ILANs VIEW

Compress ion

no Wt
2

p = 0 -292 lb. (32)
oz 2 d

0

Here t - 0.065", r - .4675", W " 1/2", do - 2,
ro - r', Go . 44,000 psi and n - number of tubesS4. 

A •

The elastic stiffnesses are given in (31]
as

Shear EA.

k , 3t Figure 20. Apparatus for shear and roll tests.,",p
x 3r = 103,400 3/in. (33)

0
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Average Maximum Rated
K Shock Dynamic

Load Mode (lb./in.) Load (lb.) Travel (in.)

Compression 208 250 1.2
Shear 139 250 1.8
45*CR 54 125 2.3

2$00
Shear Table 3. Catalog characteristics of Aeroflex

ll I C1260-39 shock mounts.

cospression

The mounts were tested separately, first
* -in direct compression in the Tinius-Olsen ma-

chine. Then they were attached to the jig

PU shown in Figure 20 for tests in the shear and
roll directions. In compression the average

stiffness is approximately as advertised. In

I OO shear and roll the stiffness is less than 278
• I lb./in. for small deflections, but then dis-

plays a hardening curve. The load-deformation

curves in roll and shear are similar. The
j I stiffening, or hardening, above 1.2 in. de-| flection is due to the type of support, which,•

1000 requires the cable to stretch at large deform-
I ations of the mount in both roll and shear.

.COMBINATION OF MOUNTS

-. -.•" •,/ I A practical arrangement would be to have a
500 * linear shock or vibration mounts in series with % -

" I a load-limiting mount, such as DRCM.

I Some idealized theoretical curves are
given in Figure 22. A linear average curve for

0 two Aeroflex mounts in compression is shown as
0 0.2 0.4 0.6 0.1 |.0 1.2 1.4 1.6 well as a bilinear curve to approximate the be- N

havior of DRCM. Then the theoretical stiffness

A. in. curves of the two in parallel and in series are
shown,.2#•

Figure 21. Load-deformation for three direc-
tions for tubing, do I 2", t - THEORETICAL RESPONSE OF A MACHINE-FOUNDATION-
0.065". SNUBBER ARRANGEMENT.

The theoretical load-deflection curves of - '.

Figure 22 were used in the computer analysis
associated with the system of Figures 1 and 2
to compare theoretical behavior of the various

shock mounting systems. The following data
CONVENTIONAL SHOCK MOUNTS was used:

Commercial shock mounts werl purchased k = 335 lb./in. (Two Aeroflex mounts in
from Aeroflex Laboratories, Inc. They are compression)
made of stranded stainless steel wire rope in ke - 4300 lb./in. (Elastic stiffness of
a helical pattern and are advertised to provide DRCM)
15 to 20% of critical damping. The mounts kp - 10 lb./in. (Plastic stiffness of DRCM)
tested were Number C1260-39 with outside di- c - 0
mensions of 5.66" long, 2.19" high, and 3.19" m - 20#/g
wide. Some of the characteristics as summar-
ized from the catalog are given in Table 3. The base acceleration was that measured in ,

table of the shock machine, with a maximum Yo
The load mode 45* CR means the mount is - -29g. The resulting acceleration-time curves

oriented 450 from the vertical and that the are shown in Figure 23 for the series and par- _
deformation has both a compression component allel arrangement of Figure 22.
and a roll component.

A summary of maximum accelerations and

South Service Road, Plainview, Long Island, deformations is given in Table 4.

NY 11803.
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Figure 22. Theoretical load-deformation for Figure 23. Theoretical acceleration-time for
various mounting systems, machine-foundation-snubber with

(o )max = -29 g.

Mount System (•;max (g) (Yrmax(in.)

Parallel, a - 0.25" -21.0 0.667 (including a)
Parallel, a = 0 -17.2 0.433
Linear (Two Aeroflex Mounts) -15.6 0.990 _%5-
Series -10.0 1.115"% .1

Table 4. Maximum transmitted acceleration and relative displacement for
various mounting systems.

The best system for limiting transmitted Some of the energy-absorbing systems stud-
acceleration is clearly the arrangement of the ied in the present report are compared with
linear mount (Aeroflex) in series with the other systems in Table 5.
load-limiting mount (DRCM), but the deflection
is maximum. Axially crushed, frangible, and inverting

tubes have high specific energies, but axial
SUMMARY AND CONCLUSIONS alignment is very important and they may be

difficult to use in a 3 inch space. Honeycomb
This study is concerned with the develop- is a very efficient energy absorber. Coot

ment of analytical methods for design of energy- may be a factor in some applications. -..
absorbing foundations for protection of equip-
ment from shock induced by base motion or ground
shock, with particular emphasis on gaining more
information on side-loaded tubes and DRCM.
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Specific Energy

System ftlb. Comment$

inverting tube [251 2 to 4, Aluminum, do 3- 005

Aluminum honeycomb [321 1 to a Strain dependent,
__________________________________up to 702 strain

Side-loaded tube 0.5 to 1.5 r '

Frangible tube [221 38.5 AISI 4130 steel,

Auially crushed tube [11 10.0 d, - 2", t - 0.065"
DKCI. unconstrained0.A
ARCH, constrained 0.6_____________

Side-lodadd tube (shear) _0_.6do-2,t-065

Side-loaded tube (roll) 0.3 d, - 2", t - 0.065"

Table 5. fnergy absorbing system

The double reverse corrugated metal (DRCI) indicating that the curves should have the sam
with constrained ends compares favorably with shape above the yield load. This is confirmed
aide-loaded tubes with regard to energy absorbed in Figure 5, Reference [21 for 1" and 2" tubes,
per pound. However, the load-detformation curve but not for the 3" diameter tube tested.
has a high Initial peak, which Is undesirable
in shock mount. The unconstrained DROW has a The straightening of tubing that had beom
better load-deformation curve, but it absorbs deformed under comression aide loading is
less energy per pound. readily accomplished in a load machine or vith

a set of jacks. An estimate of the load re-
The side-loaded tubes might be used as quired may be made from Equation (19), using r

snubbers, or shock absorbing bumpers, so they as the smallest radius of the peanut-shaped
would be loaded only In compression. However, tube, but a more precise equation for this shape
the shear end roll tests show that they have should be developed.
significant stiffness and energy-absorbing ca-
pability in those directions also. The design It is demonstrated by analysis of the ma-
formulas in the literature for the shear direc- chine-foundation-snubber arrangement that use
tion do not appear adequate and require further of a load-limiting shock mount or snubber such
developmet. as a side-loaded tube or Dial in serises with a

conventional mount is helpful in reducing trains-
The tests of side-loaded anealed stool mitted acceleration, but there is a penalty be-

tubing In comp'ression at three different defor- cause of increased deflection. The problem to
motion rates show that the primary rate effect ons of opt imizat ion: once a maximsmm allowable l
is Increased yield stress . The increase In displacemet has been set, to minimise trana-
yield stress is predicted satisfactorily by the mitted acceleration. Optimization should be
equation of reference (6). studied further to produce design curves.
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To Convert From To Multiply by

foot meter (m) 3.048000 X E - 1

foot-pound-force joule (J) 1.355818

inch meter (m) 2.540000 X E - 2

kip (1000 lbf) newton (N) 4.448222 X E + 3 "• •

kip/inch2 (ksi) kilo pascal (kPa) 6.894757 X E + 3

pound-force newton (N) 4.448222

pound-force inch newton-meter (N.m) 1.129848 X E - 1

pound-force/inch newton/meter (N/m) 1.751268 X E + 2

pound-force/foot 2  kilo pascal (kPa) 4.788026 X E - 2

pound-force/inch 2 (psi) kilo pascal (kPa) 6.894757

pound-mass kilogram (kg) 4.535924 X E - 1

Table 6. Conversion factors for U.S. customary to metric (SI) units of
measurement. %.
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ANALYSIS OF THE EFFECTS OF EXPLOSIVE FUEL

IGNITION ON AN AIRCRAFT NOISE SUPPRESSOR SYSTEM

V. R. Miller, E. R. Hotz, 0. L. Brown
Flight Dynamics Laboratory

Wright-Patterson Air Force Base, Ohio

This paper presents the results from a test in which the door acceleration
and the pressure environment were measured in an aircraft noise suppressor
system, following the delayed ignition of the augmenter fuel of a turbofan
engine such that an explosion of this fuel occurred. The system was instru-
mented with hydrophones, as well as accelerometers and a high temperature
microphone. The resulting data were used to define the effects of the aug-
menter fuel explosion pressure on the noise suppressor system and its com-
ponents.

INTRODUCTION DESCRIPTION OF TEST ARTICLE

Stalls of turbofan engines are caused by The NSS used during the testing is shown
afterburner hard starts caused by a missed or in Figure 1. The aircraft was positioned in
late light-off or blow-out. This is followed the NSS such that the aft portion of the air-
by an explosive auto-ignition of the fuel mix- craft is inside of the secondary enslosure
ture a few seconds later by the hot exhaust (see Figure 2). The primary air intake muf-
gases. Augmenter blowouts result in an un- flers (PAIM) were positioned in front of the
burned fuel mixture being ignited explosively aircraft engine inlets. The PAIM reduces the
inside the augmenter section of the engine, noise produced by the engine compressor, which
A pressure wave propagates forward up the fan is medium to high frequency and requires mini-
duct, and the resulting backpressure causes mal acoustic treatment to achieve the required
the fan and/or high pressure compressor to noise reduction. The secondary air intake
stall. In turn, the afterburner can be blown seals around the aft portion of the aircraft
out again due to the fluctuation in flow and provides an acoustically treated path for
caused by the repeated sequence of stall, hard the cooling air which mixes with the engine
start and stall of the fan and/or high pres- exhaust in the augmenter. The augmenter, in
sure compressor. This chain of events can conjunction with the engine, acts as an edu-
continue until the engine core does not have ctor, causing the ambient air to flow through
enough energy to accelerate. In the meantime, the secondary air intake and mix with the
the combustor continues to pump hot gases into engine exhaust. The augmenter is sized to
the turbine section which can overheat and bring in sufficient cooling air and cause ad-
suffer an overtemperature condition. This can equate mixing prior to being discharged in
result in turbine blade damage. the exhaust muffler. The exhaust muffler

directs the exhaust vertically to obtain noise
Stalls caused by augmenter blowouts have attenuation by spherical dispersion and in-

occurred during ground run-ups when snapping cludes acoustical baffles for additional noise
an aircraft engine throttle from idle to maxi- reduction. In the forward part of the augmen-
mum afterburner. These blowouts have resulted ter are cooling tubes which spray water into
in damage to noise suppressor systems. For the exhaust to limit the temperatures in the
example, bolts have been sheared, stiffeners exhaust muffler to 800°F during afterburner%
broken, and welds cracked. A test program was operation of the engine. The water and water
performed by the Flight Dynamics Laboratory to tubes also break up the engine exhaust which
determine the magnitude of the pressure at reduces the formation of low frequency noise
various locations within the secondary enclo- which is otherwise difficult to attenuate.
sure of a noise suppressor system (NSS) fol-
lowing delayed ignition of augmenter fuel.
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INSTRUMENTATION AND DATA REDUCTION PROCEDURES one second igniter delay. Runs 2 through 6
did not result in an explosion. With the ig-

The NSS was instrumented with nine 3/8 niter set for a 3 second delay, the throttle ". -,.
inch diameter hydrophones, one high temper- was advanced from military power to zone 2,
ature microphone, and two accelerometers. with no explosion (Run number 7). The throt-
Hydrophones were used because of their excel- tle was then snapped from idle to zone 3 (Run
lent frequency response characteristics and number 8) and then from idle to zone 5 (Runs .-e

are typically used in blast and shock measure- number 9 and 10) to prevent the augmenter
ments. The location of the instrumentation is fuel from being ignited. Only Runs 9 and 10
shown in Figure 2. A complete description of resulted in an explosion (the desired simul-
the data acquisition instrumentation is given ation). During Run 10, the bolts at the lower

in Reference 1. All data were continuously left end of the upper door stiffener truss
recorded on one fourteen channel tape record- were broken (Figure 1).
er. The magnetic data tapes, recorded during

testing, were analyzed on a General Radio Ana- ',-p

lyzer and Raytheon computer. Overall pressure TEST RESULTS a

levels were measured with one-third octave
band and narrowband analyses performed for Two successful augmenter blowouts were
selected transducers and test conditions. achieved by snapping the engine throttle from
Further details concerning calibration and da- idle to zone 5 afterburner with a 3 second
ta reduction procedures are given in Reference augmenter igniter delay (Runs 9 and 10, see
I. Table I). Figure 3 through 5 present pressure %

versus time plots from Run 10. These data in-
dicate that at least two fan stalls and two

TEST PROCEDURES compressor stalls occurred before the eng~ine
throttle was backed off. This sequence of

Data were obtained by the surveys, identi- stalls could have been repeated many more
fied in Table I as Runs 1 through 10, which times [2], but were stopped for the purposes

, include the conditions at which the aircraft of this test program. These stalls had a du-
was operated. All the runs were conducted ration of approximately 100 milliseconds at

* without an engine shutdown. Run number 1 in- locations in the secondary enclosure (Figures
cluded running the engine in all stages of 3 and 4). The predominant stall cycle's du- -,

augmenter to establish baseline data. Runs 2 ration is shorter at locations in the PAIN
through 10 attempted to simulate augmenter than in the secondary enclosure (40 millf-
blowouts and auto Ignitions by delaying aug- seconds, Figure 5). This is significant be-
menter ignition. Throttle advances to each cause there is more energy in a waveform which
zone of augmenter power were conducted with a has a longer duration when compared to another

TABLE I Summary of Test Runs

Run Throttle Subsequent Throttle Augmenter
No. Setting Movement Igniter_

I Military All five augmenter Normal
zones

2 Mi I i tary To Zone I Augmenter One Second
Delay

3 Military To Zone 2 Augmenter

4 MitIItary To Zone 3 Augmenter 'S.,

5 Military To Zonef 4 Aug enter

6 Military To Zone 5 Augmenter One Second
Del"

Military To Zon# 2 Augmenter Three Secon~d f
fWlly ".

Idle To Zone 3 Augmgnter *.r

9* Idle To Zone S Augmenter -

100 Idle To Ion@e S Auqmmter Thrne W,(o'd,;

*caset for which explosion% occurrd"
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ond Augmenter Igniter Delay (Run
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wavefor- of the same pressure rise but smller N
duration. A wave of longer duration will show &.•'
stronger low frequency components that are m-o

portant with regard to structural response and n I it•Qtintegrity Thiý will be shown later. These

data and other unpublished date [2) %hwow that FIGURE 6 Nond imensionalized Nzzle-to-Tran$-".0%0..
the propagation velocity of the overpressure ducer Distance as a Function of Ab- '•
pulses is approximately equal to the ambient solute Value Of Maximum Overpres-"•)
%pe@4 of sound sure for Hydrophones I through 7

Larae difference,, in pressure and wevefor" from Runs 9 and TO D

were stop it, (,omnparisons between plots fori
w~hi(h an augmepntor hlowut wa%, achieved to
plots we~re a hocwout •Na% not achieved Ili a noma zone 5 afterburner mode are very sim-
Date frow Referenwce I with enqfnp operation in ilar to data obtained when the engine throttle %•
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had been snapped from idle to zone 5 after- factor 5 is equal to 0.085. This factor is
burner. This indicates that the pressure en- important because the resultant motion of the
vironment in the NSS is not increased by a upper door depends on the amount of damping
snap throttle movement and igniter delay un- existing in the door and surrounding structure.
less an augmenter blowout takes place. The period of oscillation T is the time re-

quired for the door to repeat its motion. The
The absolute value of the largest over- spacing of peaks to, tl t2 shows that the

pressure is plotted against a ratio of offset period 0equal intervals of time) was approxi-
distance to the distance from transducer to

hX ifmately 0.65 seconds, which corresponds to a
the engine exhaust nozzle (l ) in Figure 6 for response frequency (fd) of 1.5 hertz (T = - ).
the hydrophones located in the secondary en- dd
closure. This figure shows that the over- This was the upper door's response frequency

Sconstant for the after the stiffener bolts had been broken. '* •
range of ratios measured. Based on this, Because the breaking of these bolts detached

R the stiffener at one end. the upper door's
it is reasonable to assume that the pressure stiffness and natural frequency were reduced.
over the upper door is uniformly distributed. Therefore, it was necessary to calculate the

natural frequency of the upper door before
While it is important to know how the the bolts broke.

pressure waveform varies with time, it is
equally important to know how the structure of Using the peaks identified in Figure 7 as

0! | X2:I l (l i ) " !
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FIGURF 7 Acceleration-Time Curve for Throttle Snap trom Idle

the NSS is affected by the overpressure. M and N suggests that the upper door's natural

Figure 7 shows an acceleration versus time frequency before the pressure pulse broke the
plt ro Rn10 of the accelerometer located bolts was approximately 7 hertz (lI). Aon the upper door. Note that the door expe- 0.145

riences several very large amplitude peaks. analysis performed in Reference 1 verified
Also note the large decrease in amplitude that this frequency of 7 hertz was, in fact,
between the first, second, and successive the upper door's natural frequency before the I

positive peaks. This decay is related to the bolts were broken. For this analysis, the

damping by the concept of energy dissipation upper door was modeled as a rectanqular plate
per cycle of vibration. The acceleration is consisting of two freely-supported edges and 2
approximately a damped sinusoid and can be de- two free edges. The approximate frequency
scribed by exponential and sine terms of the expressions of Warburton were used [4].
form e - tsin (f pt + #) where f d is the Figure 8 through 10 show the power spec-
damped natural response frequency, 5is the tral density (1l hertz bandwidth) for three

ratio of equivalent viscous damping to criti- hydrophones from Run 10. Consideration of an
cal damping (damping factor), f is the envelope for the PSO's in Figures 8 and 9 re-I

p veals two distinct regions. At the very lowforcing (excitation) frequency, and V is an 2

arbitrry contant.that the spectrum rises at 6 dB~er octave _

Working with the peaks identified in up to a maximum frequency of it hertz

Figure 7, it can be shown [11 that the damping ul t
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as given in Reference 5. Above this maximum

frequency comes a range over which the spec-

trum is inversely proportional to f2 and itsvalue falls at 6dB per octave. The duration • "
of the pulse At for the hydrophones located -

in the secondary enclosure (1 through 7) was -,

found to be approximately 100 milliseconds 1 "

(Figures 3 and 4) which should yield a maxi- "

mum frequency of 5 to 6 hertz (7(-•.lO0). - ,
Figures 8 and 9 do show peaks in this fre- ap i m
quency region. Frequency peaks in this region 2
are important for structural response, this I t

being the region where significant resonance I -

amplification might be expected from funda- -.: .•-!

mental modes of the NSS. Since it is the low I I
frequencies that have been increased, it is
expected that the stress levels produced by
the peak overpressures in the structural

elements of the NSS will also be increased. FAE.AN(, .
FIGURE 9 Acoustic Power Spectral Density

Figure 9 shows that the peak in the fre- Distribution Obtained from Throttle
quency spectrum of the pressure pulse measured Snap from Idle to A/B 5 with 3 sec-
on the upper door was between 4 and 6 hertz. ond Augmenter Igniter Delay (Run
The dynamic effects of the upper door to the 10) - Hydrophone 4
pressure pulse must be considered since the
excitation frequency (4 to 6 hertz, f ) was

p
approximately 1/3 to 1/2 of the upper door's
resonant frequency (7 hertz, fd). This means

that the deflection (or acceleration) which
was caused by the pressure pulse must be mul-
tiplied by a factor to obtain the dynamic re- ) I

sponse of the upper door. This ratio of maxi- T/ , Vl
mum amplitude (or maximum acceleration) divid- |i il IiO

ed by the amplitude (or acceleration) caused k Al

'-. FIGURE 10 Acoustic Power Spectral Density
Distribution Obtained from Throt-
tle Snap from Idle to A/B 5 with

SIi "3 second Augmenter Igniter Delay
_ ~I,,Jl•' II•i]{ '(Run 10) - Hydrophone 10

S"by the pressure pulse equal to the distrubing
pressure pulse was equal to:

F-K-" C, - f )2 ]2+ [ 2  1 fP ]2 )0.5

FIGURE 8 Acoustic Power Spectral Density d d
Distribution Obtained from Throttle

Snap from Idle to A/B 5 with 3 sec- This term normally is referred to as the mag-
ond Augmenter Igniter Delay (Run nification factor or frequency response func-
10) - Hydrophone 1 tion.
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The magnification factor for the funda-
mental mode has been plotted in Figure 11 with
the upper door modeled as a single degree of " -. 0.5
freedom system. This figure shows the effects
of various frequency ratios on the amplitude 4 %...,O
for a damping factor 5 of 0.085 when the door -
is subjected to a uniformly distributed pres-
sure. For comparison, the damping factor of
0.3 was also plotted. Note that, as the fre- 2

quency ratio is increased to one, the magni-
fication factor increases. Also note that the a-, - .
lower the damping factor the higher the magni- V o.a8
fication factor. For the present case two
frequency ratios can be considered (!= 0.57 0.4

and = 0.86) at the damping factor of 0.085. V

Figure I1 shows that the magnification factor 0.2

for these two frequency ratios are approxi-
mately 2 and 4.5. This means that the dynamic ,
response of the upper door was 2 to 4.5 times o.1 1i
the static response. If the pressure pulse 6.1 o. o.3 o..ei O 4

had been applied statically to the upper door, '0cI FrG.eCM oC Is * P,1. e ,
it would be deflected. However, since the 1MtuV !rvency o Upper ZH r

excitation frequency was close to the door's FIGURE 11 Dynamic Magnification Factor with
natural frequency, the actual deflection was Respec to Ri
increased in proportion to this magnification quency and Natural Frequency of
factor. Upper Door

An alternative analysis based on modeling
the excitation as a single sinusoidal pulse
and ignoring damping predicts the magnifica- quency region. These bars were located at the
tion factor for the two frequency ratios given 1/3 points of the door.
above to be approximately 1.2 and 3 [6]. How-
ever, since the excitation in the form of CONCLUDING REMARKS
stalls during the testing could have been al-
lowed to continue many more times, the magni- The experimental investigation reported
fication factors, as predicted above by the herein indicates the following conclusions:
steady - state analysis, are considered to be
more appropriate. 1. A fundamental mode (7 hertz) of the

noise supressor system's (NSS's) secondary
It appeared that, based on the preceding enclosure upper door was excited by an aug-

discussion, the stiffening truss on the upper menter blowout in which the engine throttle
door increased the door's natural frequency in was snapped from Idle to maximum afterburner
such a way that it was in the same general with a three second augmenter igniter delay.
frequency region as the overpressure pulse. This resulted in the failure of the bolts
As a result, the door has greater response holding a stiffener truss on the upper door.
with stiffener attached than if it were unat-
tached. The addition of more stiffening would 2. The maximum overpressure occurred in
change the door's natural frequency. However, the primary air intake muffler.
it is estimated that it would require more
than four times the present amount of stiffen- 3. The dynamic effects of the upper door
Ing to raise the door's natural frequency to must be considered since the excitation fre-
at least twice excitation frequency region of quency of blowout (4 to 6 hertz) was close to
the overpressure pulse. Damping could also the NSS upper door fundamental resonance ( 7
be added to the door in the form of shear hertz). Considering these dynamic effects
bars, shock absorbers, constrained layer showed that the dynamic response of the upper
treatment, etc., to be used in conjunction door was 2 to 4.5 times the static pressure.
with the existing stiffener truss to lower the
door's deflection when excited by an overpres-
sure pulse. Another approach to designing the REFERENCES
door would be to remove the present stiffening
truss and use damping treatments, exclusively 1. Miller, et al, "Noise Suppressor Over-
to lower the door's response. The actual fix pressurization Test," AFFDL-TM-78-114-FBE,
which was used consisted of placing two rigid December 1978.
bars from the door to the back wall of the
secondary enclosure so as to raise the door's
natural frequency out of the excitation fre-
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FEASIBILITY STUDY FOR THE SURFACE IMPULSE LOADING %1.,4

OF STRUCTURES USING MILD DETONATING FUZE

D. L. Shirey and F. H. Mathews /
Sandia National Laboratories V -

Explosives Testing Organization 1533 %
Albuquerque, NM 87185

The possibility of impulsively loading the surface of
large structures at relatively low impulse levels by .,J

using Mild Detonating Fuze (MDF) has been studied. The .- %
impulse is obtained when a metal spray driven by detona-
tion of the HDF explosive core strikes an adjacent
target resulting in momentum transfer to the target
surface. The performance of two common types of MDF has
been measured. Possible interactions between two paral-
lel, detonating strands of HDF have been observed and
found to be Insignificant. Experimental results are
compared. The impulse imparted to flat plate targets
was observed using a pulse radiographic technique. Then
these results were compared to a computational model
which treats the target-spray interaction as an
inelastic impact, reasonable agreement was obtained for ,-
the normal component of impulse.

INTRODUCTION types of lead MDF; 1.06 g/m (5 grain/-
ft) ROX core and 0.43 g/m (2 grain/ft)

The surface loading of large PETN core. Interactions between the
structures at impulse levels of less expanding spray from two adjacent NDF
than 200 Pa.s (2000 Taps) is of inter- strands detonated simultaneously were
est during weapon system development, observed, as well as particle patterns
Existing impulse loading techniques, on witness planes parallel to the
such as light-initiated explosive strands. Position and thickness of
[1-5] and magnetically driven flyer the expanding lead spray was measured %
plates [6], have not been utilized for at radii of interest allowing an esti-
structures exceeding 75 cm in diameter mate of the mean pressure delivered to
and/or 200 cm in length. British target surface. Amplitude and distri-
workers of the Atomic Weapons Research bution of impulse imparted to small 4P

Establishment have employed Mild area targets were determined and rz
Detonating Fuze (MDF) in small struc- compared to a computational model.
tural loading experiments conducted In All data were collected by making
a vacuum chamber. Lindberg [7,8], of accurately timed single and multiple
Stanford Research Institute, has pro- exposure shadowgraphs using a pulsed
posed using explosions of MOF as a x-ray source.
possible means of delivering the
desired impulse to these larger struc- ANALYSIS
tures. The results of subsequent
investigations made at Sandia National In order to develop a mathematical
Laboratories are presented in this model of the reaction of a target sur-
paper. face oriented parallel to exploding

strands of MDF, appropriate initial
The experimental portion of this assumptions are made. First. after S

feasibility study includes measure- the explosive detonation, the expand- .•
ments of explosive propagation rate ing lead sheath is considered to be a -
and expanding sheath velocity for two uniform cylindrical cloud of mass m

%-'S,,
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moving outward at a constant velocity
v. Then, the metal spray which mv sin6 cose
strikes the target surface transfers t= 2S(3) I s
its momentum inelastically. Finally,
the component of momentum acting
normal to the surface creates a net
normal impulse on the target while The total momentum Mn imparted to
tangential momentum components are a target of width w where: ,
resisted by tensile forces in the
structure and produce no net aX
tangential momentum. A schematic of W = Xmin Xmax
geometry and designations is given in
Fig. 1. is:

SM ~mv Xma - Xin .(4

Mn m max min

X +

A plot of calculated impulse
versus surface position and strand-
to-surface spacing is shown in Fig. 2.

14 
100

a-lo-

W 
Lh

Figure 1
Problem Geometry for a Flat Surface 0 '.r

The radial velocity of the MDF h -0

sheath is given in terms of the core
explosive's characteristic Gurney
9.10] velocity (v7T), by:

V ,() SURFACE POSITION X(m)

+ 0.5
Figure 2

Computed Normal Impulse
where m is the MDF sheath mass and C Distribution from One MDF Rod
is the mass of the explosive core.

Assuming an inelastic impact, the For this example, the PETN explosive
local normal impulse transferred to a loading (C) is 0.43 g/m (2 grain/ft),
flat target is given by: the lead sheath mass (m) is 11 g/m,

and the Gurney velocity (vk/2) is 2938
my COSO ,2)rm/s giving a spray velocity of 570

n -(2) m/s. Impulses from multiple rods may
be calculated by super position of
Eqs. 2 or 3. This requires an addi-
tional assumption that the fragment

where m is the mass of the expandin? clouds from adjacent strands of MDF do U
metal sheath. h is the target plane's not interact. Experiments which will
separation from the MDF rod. 0 is the be described later show that this
angular orientation. I is the target assumption is valid. A plot of calcu-
lenyth, and S is the radial distance lated impulse for two rods spaced 12.7
to the point of interest. The tangen- mm apart is shown in Fig. 3. MDFtial component of impulse is given by: properties are the same as in Fig. 2.
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ISO Rod properties are the same as before.
0 * ~Whenever the relative spacing V

I-w- 2.h ~ here B e-A jol ý th

ixo ~~~between, twojaiae

* this figure indicates an insignificant
ripple In the Impulse. However. a

so relative spacing near one is desirable
h LOOMsince this products the most rapid

rise to a nearly uniform impels* Yalue#

When a large nember of rods are

100 o 0 NOplaced in a uniform array. the average
100 50 5 ~ 00impulse Is given in terms of the spec.

SLISACE ceSIfl'u X between the rods by

Figure 3
Computed Normal Impulse

Distribution for Two KDF Rods
Spaced 12.7 = Apart

The toer (yin/vtj is a specific
performance property of the N1of which %I

When a large array of evenly spac- measures the momentum transferred to a %o
ed NDF strands are used. some minimum unit length of a flat target by a C1
relationship between spacing and single strand of explosive. coegutedl X
target-to-strand separation Is requir- valves for the momentum per wnit
ed in order to produce a reasonably length of the two stizes of lead
uniform impulse. Thet impulse distri- sheathed NOV employed In our ezaerl.
tution calculated near the edge of a mental program were 43.3 Pa.$ " for
20 rod array is shown In Fig. 4. S grain/ft 001 core, and 20 Pa.% em*

for 2 grain/ft PETO core.
14C ....

'Since the experiments were aorrled

124 out under atmospheric conditions. *-
h.01 possible aerodynamic effects mere*

Ia 9Investigated by considering the drag
acting upon individual spray particles
as they move through the air. For. r%
this calculation. it was assumed that P%
a typical lead particle is a cube with
one-fourth the orl Inal case thickness
moving Independently of other part-

40 idets through the air. Thus, the cube
40 4"~ has dimensions of 0.65 ve. a mass of

.1 ______ 6.9 Ng. and is moving initially at $70

20 m/s. Our calculations Indicate that
this particle will penetrate through J

0 120 me of air before losing 10 percent
so,0 of its initial velocity.

supru- a~w -ý1; Another possible model of drag
effects considers that all air sur-
rounding the MOV must be displayed by N

Figure 4 the lead spray. This model yields a
Computed Impulse Distribution much higher estimate of air drag.

Near the Edge of a 20 Rod Array Experiments to be discussed later
at Various Separations From support the individual particle drag

the Target Surface model and show that, for the maximum
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target-to-rod spacing of interest (120

me). air frog does not have an impor-
tent effect upon momen"tum transfer to
a target surface. .4

Since tile 111of $Bowls* loading
technuique would eventually be employed
during testing of a cylindrical Sur-
fo(#. an effort was Bad* to design a
realiStiLI OAPlOSIVO aSSembl1y The-p
nrOmal 10pulSe on A (flindrtcal Sur.
fact is given DI

Wntn I%* geometry 'S 405 ~gfld In #Is. ~
S~ o*h# iv t the s oa: 'Ign betIween wo WFJ

AP

14moulse Distribution for #$rious 0
IStandoffs Om"n a 610 = Diameter 4P.

fylift*&r is Loaded by 22 Strands %If.A
of I rain 1111o %F

su- *#0

i o Vtt d

Straftdi,~~* .A.heSCA'

targt, n %-ve measufre say b Vnwon

ostlorald enJ9S inCc soot t fwit toss

tnengk the t4o *IS$&%'adu the 'cntr'
Surfacen tue loptfte dngelivee by ani
nsiangl rod dorRS* Wit Smle aiue gu7 ap

fortt* dein stuedyC 61 an 240 ofndgrai Rl
wthnt no deir~wed ies maxiu imule of enP
Piia.% ditribted aspei perfin ormverlresaignrthpusomns

tosurfac nspeacimiswes vared from2 agrspcneduedwt h
tou100 o, t tte tmuso drelfeoed bI a s. ganM helaigI eryfe

spaingl produdcreste mosth unallerm of10m srqigred topodc
yloaing.e A rdiupl Inth mpulse unfr odisterition famsrfariou

foair the desxpectud even and reltiel whof S grain 04Fisue. e
with~~~~~~~ a;eiej"smwipus f7

Pa. dstrbued s csin Sove lrgespcig narthepls o mnu

hal th sufae heiiumNV90drepotoN. Whn5-P rito-srfac spcn wa vaie frm2 agr pcn susdwt



P

m*5

metal spray will strike the target
over a longer time interval.

EXPERIMENT

Experimental verification of com-
puted or published parameters for mild
detonating fuze was obtained by per-
forming 38 small-scale tests. Two
types of MDF were readily available
for study: 2 grain/ft lead sheathed
with a PETN core. and 5 grain/ft lead
sheathed with an ROX core. Test
objectives were twofold; specific
properties of each type of MDF were
determined and impulses imparted to
two types of target materials were
measured.

All dynamic measurements were ,
obtained by making x-ray shadowgraphs

Figure 8 of the event using a 150 kV. multi- r.e
Impulse Distribution for Various channel pulse x-ray source. By .

Standoffs When a 2400 w Diameter controlling the time intervals between .
Cylinder IS Loaded by 84 Strands pulses and making direct measurement 4

of 2 grain MDF of object positions on x-ray film,
velocities of interest were deter-
mined. Masses of the lead sheathing
materials were measured by weighing r.*e
known lengths of each type of MDF. 4.
Measured MDF properties are given in 0* %

Table 1. e.

r rJ

i l ,i% %I %V

Table I
Properties of Mild Detonating Fuze 7

-.- , A fundamental property of the MDF
is the detonation wave velocity. Our
measurements yielded 7340 m/s for the
5 grain RDX core and 6700 m/s for the %
2 grain PETN core.

Figure 9 Since the analytical model for
Impulse Distribution for Various adjacent strands of MDF assumes no

Standoffs When a 2400 mm Diameter interaction between the expanding lead
Cylinder Is Loaded by 36 Strands sheaths, experiments were performed in

of 5 grain MDF an effort to determine if interaction -. ,
actually occurs and, if so, to deter-

For the impulse level studied, a mine the influence on the calcula- 5

minimum rod-to-target spacing of 20 mm tional and experimental results.
Is judged acceptable [11] when 2 grain Several tests were performed using
MDF is used to excite membrane res- both 2 and 5 grain MDF. Both side and
ponse in a cylindrical structure. A end views of adjacent strands being
minimum rod spacing of 50 mm is detonated simultaneously were taken.
required when 5 grain MDF is used. Typical radiographs are shown in Figs.
Load uniformity would improve at 10 and 11. Two observations made
higher impulse levels and smaller while studying these radiographs indi-
minimum spacings would be acceptable. cate that both the collision of lead
A consequence of large spacing is a particles and possible subsequent
reduction in mean pressure since the jetting effects are minimal. The
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m density of the clouds should change
after the clouds meet. Neither of
these conditions appears important in
any of the several radiographs
studied. In all cases, these inter-
actions were judged to be insigni-
ficant.

For all end view experiments in
which the MDF was oriented parallel to
the x-ray beam and normal to the film,
the strands were supported on a 6.35-
mm thick steel plate containing a
12.7-mm wide slot positioned normal to
the strands (see Fig. 12). Detonation

Figure 10
Interaction Study, 2 grain MOF

Strains 50.8 mm Apart, Side View

I-APE

R~2 OCTO.JATOR

F:;ErL ' rA~.CEr Co 2 RCS

r.-s cm STMEL OCT %

Figure 12
Typical Test Setup, 2 Strand End View

of the MDF produced a clean, 12.7-mm
long conically expanding spray on the
opposite side of the plate. Thus, in -

the x-ray image, the observed radial
spray dispersion was almost entirely
due to a radial velocity gradient.
Without the slot, both radial disper-
sion and effects due to axial disper-
sion would have been superimposed.

An effort was made to predict the
mean pressure anticipated at a target
surface 100 mm away from the deton-

Figure 11 ating MDF. An end view radiograph was
Interaction Study, 5 grain MDF made of the expanding lead particle

Strands 50.8 mm Apart, Side View cloud. A single exposure was timed to
angle formed by the outer boundary of occur at the desired cloud radius and 4
the conical cloud should change after a spray thickness measurement was made
the clouds meet if significant inter- (see Fig. 13). From this data:
action exists. Also, the apparent

Pressure = Impulse X Spray VelocitOThickness U
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Of the 38 tests conducted, 17
involved loading target surfaces and
measuring the impulse imparted by the
lead spray. A typical test setup is
shown in Fig. 15. In all cases. an an7

Figure 13
End View 5 grain MDF, Sheath

Expanded to 101 mm Radius

For an impulse of 70 Pa-s and a cloud
thickness of 6.6 mm, a mean pressure
of 7.5 MPa (74 bar) was calculated.

For all experiments, a sheet of
white display board was used to Figure 15
protect the x-ray rtlm holder from Typical Test Setup for Target Impact
lead fragments. The display board
also served to record the fragment attempt was made to measure impulse
spray pattern at a distance of imparted to individual, symmetrically
approximately 75 mm (see Fig. 14). located target areas. The initial 8

experiments employed 12 aluminum
.,, *. . ... .wedges, I ach with a surface area of

0.806 cmz and a mass of 0.775 g (see
Fig. 16). Wedge centers were evenly

- - I C'..

Figure 14
Passive Witness of Lead Sheath C'

Pattern, 75 mm Strand to Surface .

Based upon the fragment pattern, it N.,
was concluded that the 5 grain MDF was
superior to 2 grain since it yielded a Figure 16
finer, more-evenly dispersed cloud of Schematic of Typical Test Setup
particles, with Computational Terms
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Spaced 12.7 - apart. A double- squares measuring 9.53 m m 0.89 -m
exposure radiograph was taken with thick. The brass target centers were
timing set to obtain images in which much easier to locate on the x-ray
target coupons were displaced exposures and yielded wore consistent
Significantly. i radiograph of i impulse results in the direction
typsica test As shorn in Fi 17. normal to the impacted surface. ItSetup parameters or: sumar~zed in should be noted that Test No. 32 diff-
Table 11. Wedge displacement% were ered significantly from the other

experiments In that the brass targets
were turned 90 degrees. This was done
in an effort to achieve correlation
with the tangential theory for the
impulse delivered to the targets In
the 1" direction. The total error
due to setup variations and data
interpretation was estimated to be
plus or minus 7 percent.I An important by-product of the "

experiments was the development of a %
reliable initiation scheme for the
multiple NDF strand configurations.

Since possible applications of these
configurations might involve many
closely spaced strands, an explosive
train utilizing one detonator was
developed. The most successful ver-
Sion is illustrated in Fig. 12. This
basic idea could be employed with,
perhaps, one detonator for each 10
strands.

Figure 17 Since the theoretical analysis
Radiograph of Test 19; Two Exposures depends upon an inelastic collision

Single Strand MDF; 2.54 cm from between the lead particles and the
Target Surface target surface, the posttest surface . $

condition of both the brass and alum-
mnum surfaces was of interest, No
attempt was made to measure the exact e

*•, :. : • * .,• 'tlD"quantity of lead that remained an the •

- - -target; however, it appeared thatnearly all of the sheath material that

struck the target at close-to-normal '.9
incidence remained embedded in the

..surface. As the angle of incidence
i..... became smaller, less impacting mate-rial remained embedded, especially in

.. . . the brass target.

S... ...... COMPARISON - ANALYSIS AND EXPERIMENT

An accurate value of the lead
Table 11 sheath velocity is crucial to predic-

Impulse Experiments(l) ting impulse delivered to a target ..
m r n d c s rsurface. Calculations usin 2930 m/s
Smeasured in two directions: normal for the Gurney velocity [10] and Eq. 1
and parallel to the initial position yield a velocity normal to the MDF
of the impacted surface. Then the strand axes of 570 m/s for 2 grain/ft
normal and tangential impulses were and 660 m/s for 5 grain/ft. Side view
calculated using an average velocity radiographs of the expanding lead
approximation, sheaths (see Figs. 10 and 11). along

with the measured propagation velo-
In an effort to achieve better cities, yielded spray velocities of

correlation to theory, several other 580 m/s and 700 m/s, respectively.
target configurations were tried. The These values compare to the computed
most satisfactory targets were brass values well within experimental error.

184

% % N N,

%*~ % %



p.

The final portion of our expert-
meets was tn attempt to measure

Impulses Imported to target surfaces
and Compare them with computed plots
similar to Ft S. 3 and 4. Figure 19
cooperes -,puso Values derived free
the radio graph of a single strand test
In Fig. 17 with calculated values.
FIgure 20 makes the same comparison
with values derived free a doable a

strand test using the radiograph shown 4 Nin Fig. in Fig. 21. results of
three repeated experiments sharing .t
comon test parameters are plotted 3,,
aogenst theory to Illustrate repeats-

.4

Figure 19
Comparison of Calculated and
Measured Impulse for Test 19

Figure 18
Radiograph of Test 30. 2 Exposures

2 Strands NDF, S.08 cm Apart. o

2.54 cm from Target Surface

Tangential Impulse values weee
also measured and compared in all ..
cases; the experimental values were
significantly below (30 to 50 percent),." a

the values predicted. No attempt was
made to analyze the disagreement
since, for the structural experiments .... ...
anticipated, the desired component of
impulse would be normal only and
membrane forces in the structure would
resist the tangential component of
impulse. Also, with multiple MDF
rods, tangential impulse would tend to Figure 20
be cancelled by overlapping sprays Comparison of Computed and Measured
having plus and minus components. Impulse for Test 30
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structures ore to be loaded should 2
grain/ft "OF be considered since it
would allow for closer red slacing
resulting in a mer* unifer. **ding.

Mean pressure estimations obtained
by finding the loading duration and
assuming a rectangular pulse indicate

- that the Nor leadin, technique would
produce relatively low-average

*pressures of less than I Kbar. I

- - The computational moedl used In
this work should be useful for design-

* - ing esplosive charges suitable, for
loading tar e cylindrical structures10.
at low impul1so levels. Impulses del-
Iverod normal to the target surface
may be predicted within usable
accuracy limits. Tangential coupe-
nents are mere difficult to forecast
since they were significantly lower d
than predicted whon the target surfaceI

* was brass or aluminum.

Khon utillioln 1604 under satos-
Figure 21 pheric conditions, aerodynamic effects

Comparison of Computed and Measured should be considered. preliminary
Impulse for Three Identical Tests calculations anld experimental observs-

tions Indicate little reduction in 4
CONCLUSIONS particle Impact velocity at strand-

to-surface distances of 100 me or less.
Several conclusions should be

drawn froe the experiments and ebser- Thol feasibility of employing the
votions made. The S grain/ft 4O1 core detonation of parallel strands of mild
NOF Is a mere attract ye surface load- detonating fuse for Impulse loading of
laig material than 2 grain/ft P[TN core structures has been Investigated for
NOV. The lead spray from the S use at relatively low impulse levels

*grain/ft is more uniform and finely with favorable results. It Is
dispersed while many of the 2 arain/ft concluded that the technique should be -

* articles are long strings. Al so. the considered for use In structural
large number of strands of Z grain/ft experimentation. This method, because

N4OV required to build a test charge of Its simplicity, appears suitable
would result In higher fabrication for use in Impulse testing of very
costs. only when relatively small large cylindrical structures.

N N..
* .?
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A THEORY FOR THE CALCULATION OF EXPLOSIVE DEPOSITION
PROFILES FROM THE SPRAY PAINTING OF

LIGHT INITIATED EXPLOSIVE

Floyd H. Mathews
Sandia National Laboratories

Albuquerque, New Mexico

When a weapon structure is exposed to X-rays, the energy depos-

ited in the surface material may result in an impulsive pressure
loading on the surface. Laboratory nuclear effects experimen-
tation allows the study of structural response during simulation
tests. Spray painted coatings of Silver Acetylide-Silver
Nitrate explosive when surface initiated by an intense flash of
light provide a suitable test loading. Safety considerations
dictated by the initiation sensitivity of this primary explosive
require that the spray process be carried out by remote control.
The ability to predict deposition during design of the spray
procedure is therefore important in developing an efficient and
safe technique.

The processes occurring during spray painting of the explosive
layer on the target surface were studied and an empirical theory
of spray deposition developed. Important parameters which
include explosive concentration in the atomized spray, the
deposition profiles for a single pass, with deposition efficiency
as a function of spacing, position and incident angle are incor-
porated into a numerical theory describing the space dependent
explosive deposition for a single pass of the spray apparatus.
When implemented into a computation of multiple overlapping
passes, a reasonably complete prediction is obtained. Several
geometries including flats, cylinders and cones are described.
This work suggests methods for improving the spray process.
Consequences of positioning inaccuracies are also studied.

INTRODUCTION Desirable features of this laboratory
technique include the ability to produce

When a weapon structure is exposed simultaneously applied impulses with
to X-rays originating from a nuclear intensity varying either gradually or
burst, sufficient energy may be depos- discontinuously over complex curved sur-
ited in the surface material causing its faces. Details of experimentation
vaporization and subsequent blowoff. employing Light Initiated Explosives have
This blowoff imparts an impulsive pres- been reported at several previous Shock
sure loading on the reamining surface and Vibration Symposia and elsewhere
lasting for a period of a few microsec- [1-11].
onds. During development of a weapon,
vulnerability studies are conducted to Safety considerations dictated by
assure survival at appropriate intensity the initiation sensitivity of this
of the X-ray environment. primary explosive require that the spray

painting process be carried out by remote
Laboratory nuclear effects experimen- control. The ability to predict the

tation allows the study of structural aerial density of the explosive deposi-
response during simulation tests. Spray tion during design of the spray procedure
painted coatings of Silver Acetylide- is therefore important in developing an
Silver Nitrate (SASN) explosive, when efficient and safe technique.
surface initiated by an intense flash of
light, provide a suitable test loading.

189

% -%.



SPRAY PROCESS dM/dt the explosive mass flow rate
through the spray nozzle, S the distance

The impulse distribution desired on separating the surface point and spray .
a test object is a function derived gun, W the spray fan half width at S, X
specifically for the particular X-ray the surface position of the point being
encounter and materials involved, considered, and 8 the angle of the sur-
Typically impulse values decrease approx- face normal relative to the spray gun
imately as the cosine of the angle location.
between the surface normal and the line
of sight to the X-ray source. Different Generally the atomizing air pressure
materials exposed to identical X-ray and atomizing nozzle are specifically
fluences will generally experience designed to disperse material over a
different impulse loadings. This situa- wide strip on either side of the spray
tion is illustrated schematically in gun motion with a narrow dispersal along
Figure 1 where the impulse loading is the Z direction, the path of the gun *

plotted for a ring composed of two motion. During each spray pass a com-
materials illuminated from the side by a plete segment along the Z axis passes
distant source. The objective is to over each surface point, therefore a
design a spray painting process to apply simplified treatment which considers
an explosive layer which when detonated only dispersal in the width direction is " r

will impart an acceptable approximation justified.
of the desired impulse function.

The explosive mass flow rate from
The impulse imparted by explosive the nozzle is given by

detonation on each small surface element
is directly related to the local value dM
of SASN areal density. This function = QC (2)
has been determined from numerous tests .e%
of target samples and is given by where C is the explosive concentration

(g/l) in the acetone carrier fluid and
Q is the fluid discharge rate (l/s).

I=0. 00086 2+0.3795 A 0<I<225 The explosive is manufactured for
each application using a carefully.

I=0.763 - 42.7; 225<1 (1) repeated formulation and is continuallystirred and pumped thru the spray gun to

where M is the explosive mass (g), A the prevent explosive particles from settling.
area (M2 ) and I the impulse (Pa.s). Mixture concentration therefore does not
This equation applies only for the con- change from batch to batch nor during the
ditions of SASN formulation, spray depo- individual spray processes. The fluid flow .
sition, and initiation ahich have become rate, Q, is set at a constant value by
standard practice at the Sandia adjusting the static head at the spray
facility. gun for each spray operation.

The machinery employed in the spray The total mass emitted from the

process involves using many overlapping spray gun per unit length (1) in the
and superimposed passes of a spray gun traverse (Z) direction is given by
accomplished by either moving the gun M N
along the surface or by moving the sur- - - NQC (3)
face past the gun. In this respect, the 1 V (3)
process is similar to conventional paint- E d r s ee
ing. Removable masks placed over the Emitted material must be either depos-
surface may be used to intercept unneeded ited somewhere on the target surface
portions of the spray. Thus, the impulse within the area described by the width

Sfunction of Figure 1 could be obtained by of the spray fan (2W) and its length or
masking material b, spraying a portion of the material is blown away by the atom-
"the load on material a, and then removing izing air in the form of overspray. The *0
the mask and completing the spray. theory assumes that material lost to

overspray does not adhere elsewhere on
A cross section representing the geom- the target surface. This assumption is

etry of a spray pass over a curved sur- correct in most cases of convex surface
face is illustrated in Figure 2. The curvature. Concave curvatures, and in
purpose of the thecry is to predict the particular barriers in the form of sur-
Sexplosive areal density M/A as a function face bumps and ridges would require
of the parameters describing the geometry special attention not afforded by the S
of the spray setup. These parameters present treatment.

include, V the spray gun traverse rate,
N the number of repeated spray passes,
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;VcVtral processes must be studied DEPOSITION MEASUREMENTS
to comphcte this theory. First, each
:;peccfic spray head, atomizing air nozzle Deposition was measured by placing
-in atomizing pressure combination dis- target strips in front of the spray gun
tributes the particles of explosive as shown in Figure 3. The static pres-
differently. A specific spray gun setup sure at the spray nozzle was adjusted
was selected as the standard, (DeVillbiss until a measured flow of 2.08 ml/s was
PH| head with a 1.016 mm fluid nozzle at obtained with atomizing air off. The
an atomizing pressure of 124 kPa). The spray gun traverse velocity was set at
function 125 mm/s. Fluid flow measurements given

in Table 1, were taken with the gun
dJdMý stationary before and after completing

the spray by capturing material ejected
A I(S,X) from the nozzle with the atomizing air

turned off. After drying, the residual
must be identified empirically where explosive solids were weighed,.and the
dM/dt is the mass flow rate of explosive explosive mass concentration of Table 2
thru an area normal to the flow at a calculated. A reduced flow rate observed
position S, X, when the surface is not after the spray process is attributed to
present. coating of the nozzle surface. This

occurs as the flow is stopped between
Drying of the liquid droplets dur- each spray pass when a needle valve is

ing their flight from the nozzle affects inserted through the fluid stream and
their adherence when they reach the tar- seats on the nozzle. An explosive coat-
qet surface. Very small droplets may ing is pressed onto the nozzle sides
lose enough fluid so that they have in- restricting flow. The possibility of
sufficient momentum to penetrate the gas nozzle flow-xmestriction has not been
boundary layer at the target and are studied. Explosive mass concentration
therefore carried into the surrounding data of Table 2 indicates that this
air as an overspray. Thus, the efficien- parameter may be treated as constant
cy of deposition decreases with separation over a spray process.
to yield a function

E = f 2 (S) (5)

where E is the deposition efficiency.
"Conditions within the spray booth includ-
Lng temperature and possibly humidity
influence efficiency.

A final process involves an addi-
tional decrease of deposition dependent
upon the angle of incidence between the
arriving spray flux and the surface
normal depicted by 8 in Figure 2. Thus,
an efficiency function

K = f 3 03) (6)

dependent upon angle of incidence of the
*. sprayed material as it approaches the
*. target surface is required. In this
*. relatively crude theory, possible inter-

relationships between these three
functions are omitted resulting in an
overall functional relationship

Fig. 3 - Spray Targets for the
M NC f (S,W)f2(S)f (B)COs0. (7) Deposition Experiment
A V 3  With Strip and Circular

Coupons
Where the last term, cosO, accounts for
the larger area presented to the spray
flux by a surface inclined to the flux.
The theory sought in this paper involves
identifying this function.
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b'hrce of the spray targets were flat calculated to give the values of
.oections placed perpendicular to the Table 8. This data can be approximated
•ozzle axis and centered on a stream of by a linear function
K'luid emitted without atomizing air
i1sing both circular coupons 19 mm in E = 0.925-0.000512S (8)
iameter and long strips 19 mm wide. 152<S<305 mm

Two strips 165 mm long joined at the
..pray centerline were used at the which applies for a flat surface and the
=52 mm spacing. Three strips, 152 mm standard Ph nozzle setup.
long, were placed symmetrically at the
.29 mm location, and three strips, The width over which material is
.03 mm long, were used at the 304 mm deposited increases as a function of
location. The fourth target was separation. The values given in Table 9
'inclined to the spray by an angle of 45 are representative of the standard setup
-legrees with its center 229 mm from the and a flat surface. This information
nozzle outlet. In comparison to the was obtained using dyed acetone and can
coupons, the strips have a much larger be approximated by a parabolic function
ratio of surface area to edge area andgive the best indication of total W= G7"7+1.7842S-0.001894S 2  (9)
explosive mass deposited across the 152<S<305 mm
spray width. In general, the averageK xplosive mass obtained by integrating where W is the spray half width in mm onKye drawn thru values indicated by a flat surface at a center line
small coupons was 10 to 15% less than separation S.
measured on the strips. The spray gun s S.

e was set at 127 mm/s and a The explosive mass deposition
vequence of 60 spray passes completed in across this width on a flat surface
groups of 15 with at least 40 seconds of varies as a function of position (X)
drying time allowed between each spray along the width but was symmetric with a
dass. maximum at the center line. The func-

tional dependence was approximated by

Measured values of areal density
are given in Tables 3 through 6. Stan- M M \
dard sampling methods were used involv- M ja IeCC 4 (10)
ing removal and weighing of sprayed A 'Max L' 2

coupons. Most coupons were raised -W<X<W
slightly above the surface. However, no
systematic difference between these where (M/A)max is the maximum value
samples and flush mounted samples was dere at the maximumtvalue
determined. The scatter between multi- deposited at the spray centerline.
ole coupons placed on the spray center- Rewriting in terms of Eq. (3) gives
line was for some unknown reason larger
than is usually obtained. Sample No. 8 r
was removed, weighed, and replaced after M 4NQCE os X
each group of 15 spray passes to obtain ICA (Rs (11)
the incremental data of Table 3. -W<X<W

Data from the 19 mm wide strips is and both E and W are functions of the
given in Table 7. These strips were
located so that they intercepted almost
the complete spray. A negligibly small The mass distribution computed usingamount of explosive in the form of dry this function is compared to measure-P ~ ~ ~ ~ a deoste beyon theiuio opte sn
overspray was deposited beyond the ments in Figure 4. A second comparison
sample ends. is obtained by integrating Eq. (11) over
EMPIRICAL THEORY the width of the strip samples to obtain

the comparison given in Table 7. The
functional dependency has been forced to

An empirical description of the fit the more accurate total deposition
spray efficiency on a flat surface
located normal to the spray axis can be oaine o trip samle cu e cme -parison to the individual coupon measure-derived from the flat strip data of ments is poorer. Reasons for a discrep-
Table 7. Thus, in 60 passes over these ancy between the coupon and strip samples
strips a total explosive mass of 1.096g were not investigated. A second obser-
was emitted over the 19 mm wide strips vation from the coupons is that the spray

R and the total deposited mass was measured was not exactly centered over the sample
Sand is given in Table 7. Thus, the holder even-tough the setup was care-

efficiency of deposition on a flat our- fully done. Non-symmetry of dispersal
face as a function of separation can be from the atomizing air is a likely cause.
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TABLE I

Flow Data(
1 )

Flow Rate

Sample t(s) Vol(ml) C(m 1/8)

Before Spray 14.5 30.1 2.08.
After Spray 14.3 28.1 1.97
(l) Atomizing air was off.TAL

Explosive Concentration Data

Sample Vol(ml) Mass~f)' C(g/l)

Before Spray 30.1 1.809 60.1
After Spray 1) 28.1 1.643 58.5

( 1 )Some HE Lost While Taking Sample.

TABLE 3
P.H. Nozzle Deposition Data at 152 mm Separation After

60 Passes at 127 mm/s With 124 kPa Atomizing Air 1

Coupon (2) Deposition
Number X(mm) (g/mc)

1 -133 4
2 -114 19
3 -95 46
4 -76 112
5 -57 193

S6 -38 284
7 -19 330
8 0 372
8 (0-15) 0 (102)
8 (16-30) 0 (102)
8 (31-45) 0 (84)
8 (46-60) 0 (84)
9 19 358

10 38 323
11 57 235
12 76 126
13 95 60
14 114 14
15 133 7
57 0 330(4)

( 1 lStatic gage pressure at nozzle inlet.

(2) Negative positions are to the left in Figure 3.

(3)Accumulation determined from coupon weight change.

(4)Explosive chipped during removal.
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TABLE 4

P.H. Nozzle Deposition Data at 229 mm Separation After
60 Passes at 127 mm/s and With 124 kPa Atomizing Air

Coupon Deposition
Number X(mm) (g/m 2 )

16 -200 4
17 -171 14
19 -143 32
19 -114 77
20 -86 (1)
21 -57 179
22 -26 221
23 0 249
58 0 225
59 0 246
24 29 239
25 57 197
26 86 140
27 114 88
28 143 46
29 171 4
30 200 4

()Coupon dropped during sampling.

TABLE 5

P.H. Nozzle Deposition Data at 305 mm Separation After
60 Passes at 127 mm/s and With 124 kPa Atomizing Air

Coupon Deposition
Number X(mm) (g/m 2 )

31 -229 0
32 -191 25
33 -152 49
34 -114 98
35 -76 137
36 -38 169
37 0 182
60 0 176
61 0 165
38 38 162
39 76 119
40 114 88
41 152 49
42 191 18
43 229 7
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TABLE 6

P.H. Nozzle Coupon Data at 45 Degree Inclincation After
60 Passes at 127 mm/s With 124 kPa Atomizing Air

Coupon Deposition
Number S(mm) X(mm) (9/mg)

44 354 -108 25
45 336 -90 25
46 300 -72 28
47 282 -54 53
48 264 -36 56
49 247 -18 53
50 229 0 772
62 229 0 736(1)
51 211 18 109
52 193 36 144
53 175 54 176
54 157 72 165
55 139 90 112
56 121 108 33(2)

(1)Flush mounted

(2)Small chip

TABLE 7

P.H. Nozzle Data From 19 mm Wide Strips After 60 Passes
at 127 mm/s With 124 kPa Atomizing Air

Measured Computed' 1'
Deposition Deposition

"S(•m) X(mm) (ag) (mg)

152 -165 to 0 438 464
152 0 to 165 488 464

Total 926 928

229 -229 to -76 99(2) 131
229 -76 to 76 641 623
229 76 to 229 137 131

Total 877 885

305 -305 to -102 113 109
305 -102 to 102 626 625
305 102 to 305 101 109

Total 840 843

(1)Computed values obtained by integration of Eq. (11).

(2) Sample dropped.
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TABLE 8

Deposition Efficiency on a Flat Surface

Separation (m) Efficiency

152 0.846
229 0.800
305 0.767

TABLE 9

Measured Total Spray Width (2W)

Separation (mm) Spray Width (mm)

152 339
229 498
305 616

C4 40- WMeasured N 2
U 30- Computed 20zm

0 z
E 20-215-

o0 0

5 -O i %.I
-150-100-50 0 50 100 150 -200 -100 0 100 200

POSITION mm POSITION mm

a. 152 mm Separation b. 229 mm Separation

N 207
E

! ,. N

z
2  5o

001

POSITION mm

c. 305 mm Separation

Figure 4 -Computed and Measured Deposition on a Flat Surface at

Various Separations
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Deposition efficiency is influenced efficiency terms describing angular and
by both the distance separating the gun separation efficiency. Thus,
from the target surface and the angle
between the surface normal to the direc- M
tion in which the spray material is A cos8 (14)
traveling. The distance versus effi-
ciency function has already been found -78.7<0<78.7
for a flat surface and is given by
Eq. (8). The angular efficiency func- is the empirically determined function
tion K can be determined by comparing which describes the SASN explosive
centered coupon data from Table 4 and deposited on a surface placed in front
data for coupons 50 and 62 in Table 6 of the spray fan from a PH nozzle with
which were mounted on the spray center- 125 kPa atomizing air pressure.
line at an angle of 45 degrees. The
deposition at 45 degrees is given by Eq. (14) can be verified by com-

paring the calculated deposition for
(Mj =K(t) cos 45 the strip inclined at 45 degrees in
A A Figure 3 with measured values as shown

in Figure 5. The excellent agreementN

where K is the angular efficiency. is taken as justification for use of
Using average values for coupons 50 and Eq. (14) to compute the deposition on

62 then K = 0.427. In the absence of other surfaces.
additional data, a linear equation is APLICATIONS
selected. Thus,

K -0.01271a1; - _The function of Eq. (14) was used
=7 -78.7(78.7 in computer studies of several spray

otr (12) geometries. A major objective was to
K = 0 all other 0 understand the influence of parameters

eangle in degrees between which could be selected in the design
where isur tce nof a particular painting procedure. %
the surface normal and the line to the Seraexmlswlbedcuedt
spray nozzle. The linear function is Several examples will be discussed to
the best that can presently be offered illustrate these results.
with limited data, and is assumed to Flat Surface Subjected to a Uniform
apply at all distances and all positions Impulse
along the spray fan.

A final use of Eq. (12) is to A relatively common test problemcorrect the flat plate data to account is to produce a uniform load on a flat
for angular dispersal at positions along surface. A sequence of equal numbers

the fan width. Then the spray flux * of spray passes on uniformly spaced
within the flux tube passing from the parallel paths produces this loading.
spray nozzle to a position S, X is given Several questions are important to the
sby design including: (1) How accurately

by must positioning be controlled? (2)
What is the widest spacing permitted

*_4NQC _____) 4( 1 between each spray gun path? (3) How
=3WV c 2-W (--0.0127 ~cosa far must the spray gun traverse beyond

x (13) the width of the target?

Sr nResults for several calculations
6<S<12 are given in Figures 6 thru 9 for a

-W<X<W standard spray gun setup with 152 mm
separation. An acceptably uniform

where a is the angle between the flat impulse distribution is obtained whenwheithe 51 or 102 mmgl spacing ise used
plate normal and the spray nozzle which either 51 or 102 mm spacing is used pt- 6
defines the flux tube. This calculation while a 127 mm spacing produces unaccept-
of the flux term using the various able impulse variation. These plots :3
empirical factors results in a calculated also show that the last spray gun
mass flow rate somewhat larger than the position must extend about 130 mm beyond
value actually present and therfore intro- the surface to be covered by uniform
duces a violation of continuity. This impulse. Results calculated when all
problem results from accumulating small sprays at one location were misplaced
errors. by 6.4 mm are given in Figure 9. Errorsrandomly spaced between -5 and 5 mm

The material deposited on any sur- affecting all sprays at each location
face located at coordinate S, X, is the were also studied. Impulse uniformity
product of this flux term and the was similar to that obtained in Figure 9.
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impulse distributed as a cos 0
function over half the test object sur-

m 1 X x X xface. Current practice involves spray
20 painting using an aperture which allows

explosive to fall on a narrow (- 15
degrees) surface segment. The loading
profile is then built up using a stair

100- step approximation by applying repeated
sprays at suitably indexed positions
on the surface. When conical shapes are
involved the process is inefficient with
only 10 to 20% of the sprayed explosive

0 adhering to the target. The case of
400 -200 0 200 400 overlapping sprays with no aperture

applied to a cylindrical surface was
POSION mm therefore studied for the case where a

cos 0 impulse distribution is desired.
In this Letup approximately 30 to 50%
of the explosive sprayed should adhereFig. 8 - Computed Impulse Distribution to the target. The cylindrical calcu-

on a Flat Surface After 50 lation was then extended to a conical
Spray Passes at Each of 5 surface by studying cylinders of various
Locations Spaced 127 -m diameter. Thus, if the spray gun were
Apart moved parallel to a ray of the conical

surface traversing from the large to
small diameter at a spacing of 152 mm,
using the number of passes indicated in
Table 10, then results similar to

V K Kx K X IL X 0 Figure 10 are predicted. This procedure
requires that the spray gun be turned
off at appropriate positions along the
conical axis during its movement from
the large to small end.

100 Studies regarding results of
random positioning errors on cylindrical
surfaces have also been conducted with
results similar to those already dis-

0 cussed. It was concluded that randomly
0 •occurring positioning errors of a few
400 -200 0 200 400 degrees can be tolerated.

POSITION mm Deposition Efficiency

Fig. 9. - Impulse Distribution on a Estimates of total explosive
Flat Surface After 20 utilization are needed to determine the
Spray Passes at Each of 11 explosive batch size. Overestimates
Locations. The Spray at result in wasted SASN which although
50.8 um Has Been Positioned expensive, cannot be stored for sub-
with an Error of 6.4 mm sequent use. Underestimates require

that the partially sprayed test unit be
removed and repositioned while coated
with dry SASH explosive, a particularly
difficult operation. It is therefore

These results suggest that single useful to investigate efficiency for
errors of position should be kept below several types of spray setups.
6 m and that random errors of 5 mm are
acceptable. The largest spacing between When flat surfaces are sprayed
spray locations should be kept to 102 mm using overlapping passes, the efficiency
or less and the edge spray path should be can be calculated using Eq. (8).
at least 130 M outside the surface which Ordinarily approximately 80% of the
will be subjected to uniform impulse. explosive adheres to the target surface.

Losses due to edge masking and end run-
Overlaeping Sprays on Cylindrical or out may be estimated for the specific
Conical Surfaces setup. Previous observations derived

from Figures 6 thru 9 are adequate for
Test specifications on conical or this purpose.

cylindrical surfaces usually involve an N
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TABLE 10

Schedule for a 200 COS 0 Impulse (Pa.s) On a Conical Surface(
1 )

Number of Spray Passes
Diameter (mm)

Angle 559(2) 508 457 406 356 305 254 203 152 102 51(3)

0 35 33 31 28 26 23 21 20 18 16 15

+15 33 30 29 26 24 22 20 18 16 14 12

+30 31 29 26 24 22 20 18 16 15 13 12

+45 26 24 23 21 20 18 16 15 13 12 11

+60 20 19 17 16 14 13 12 11 11 11 11

+75 12 11 11 9 8 7 7 6 4 2 0

Total 279 259 241 220 202 183 167 152 136 120 k07

(1)Spacing of 152 mm, Atomizing air 124 kPa, velocity of 127 mm/s.
(2)Impulse function plotted in Figure 10.
(3)Impulse function plotted in Figure 10.

iV
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0
.90 .60 -30 0 -30 -60-90

POSITION DEGREE

Fig. 10 - Impulse Distribution at Two Diameters Computed for a Conical I
Object Using the Setup of Table 10. The Desired Impulse is
Shown by a Dotted Line
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The deposited fraction is defined explosive concentration in the atom-
as the amount of SASN material adhering ized spray, the deposition profiles for
to the target surface divided by the a single pass, with deposition effi-
amount emitted by the spray gun as it ciency as a function of spacing,
passes over the surface. The deposition position and incident angle have been
fraction obtained with a mask placed incorporated into a numerical calcu-
between the spray fan and a flat target lation of the space dependent explosive
surface was studied by solving Eq. (14) deposition for a single pass of the
over the area of the slit width. Results spray apparatus. When implemented into
are given in Figure 11 where the fraction a computation of multiple overlapping
deposited is plotted as a function of passes, which may include the use of
slit fraction for three gun to surface masking to intercept unwanted portions
separations. The slit fraction is the of the spray, a reasonably complete
width of spray fan passing thru the slit prediction is obtained.
divided by the total spray fan width.
This figure indicates that reasonably Studies of several important
high efficiencies are obtained provided geometries including flats, cylinders,
the slit is at least 40% of the fan width. and cones have been described. This

work suggests improvements in process
The deposition fraction on a efficiency as well as new methods for

cylinder when no mask is used was obtained handling difficult shapes. An additional
as a function of radius and minimum benefit is that consequences of position-
separation between the target surface and ing inaccuracies have been estimated.
the spray nozzle. The result is plotted Reasonable positioning tolerances pro-
in Figure 12. Note that relatively great duce acceptable deviations in computed
losses occur for small radius and that at spray results. The completed analysis
small radius the efficiency is severely is a useful tool in selecting appropri-
reduced with large separation distances. ate spray application methods during %
This figure permits estimates of explosive the design of a remotely controlled
quantities for cylindrical or conical sur- spray process.
faces provided additional losses due to
spray over run and edge masking are ACKNOWLEDGEMENTS
included. ''

The careful work of Dave Shirey
The case of spray painting a cylin- and Louis Perea who designed and con-

drical surface while using a slit to pass ducted the deposition experiments is
only material within a fixed angular seg- greatly appreciated.
iment is shown in Figure 13. Three angular
segments of 12, 15, and 18 degrees are
plotted. Comparison between Figures 12
and 13 indicates that use of an angular
slit significantly decreases efficiency
in comparison to a similar case when no
slit is used. Again small diameters Z 1.0
exhibit particularly low efficiencies. 71
These figures may also be used when E.• estimating required quantities of U •\

explosive. 42 m
Z 0.5other cases have also been studied 0

including the situation of flat and H
curved surfaces rotated in front of a M

spray gun similar to the techniques o U
described in Reference 5. Future work
will investigate the possibility of 0 0 0.5combining a variable traverse velocity in
conjunction with control of position and SLIT FRACTION
number of passes as a means of deposition A
control. This work is awaiting a suitable %
testing requirement. Fig. 11 - Deposition Fraction as a o

Function of Slit Fractiona
for Three Separations 44%CONCLUSION 

Nelf

An empirical theory describing spray
painting of a SASN explosive layer has
been developed and verified for a single
inclined flat plate geometry. Important--
physical parameters which include
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Fig. 12 - Deposition Fraction as a Fig. 13 - Deposition Fraction as a
Function of Cylinder Radius Function of Target Radius
for Spray Painting at Three and Slit Angle for a
Separations Cylinder
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SHOCK ANALYSIS

THE RESPONSE SPECTRUM METHOD OF SOLUTION

FOR DISPLACEMENT EXCITATION

F. C. Nelson
College of Engineering

Tufts University
Medford, MA 02155

The response spectrum method is formulated in terms of
base displacement rather than base acceleration. This
allows simpler application of the response spectrum
method to spring-mass systems with multiple input
motions. The method is extended to systems for which
hysteretic damping is incorporated by the use of

1complex stiffnesses. %

INTRODUCTION In the problem of Fig. 1, y(t) is
specified and one wishes to determine

Consider an n degree-of-freedom the xi(t). Such problems arise in the
(ndof) spring and mass model where design of shipboard equipment to resist
xi(t) is the absolute displacement of shock and vibration and the design of
mass i and y(t) is the absolute ground mechanical and electrical equipment to
displacement, see Fig. 1. resist earthquakes. The conventional

approach is to write the laws of motion
with respect to the base. The base then
becomes fixed, each mass is subjected to
an inertial force miJ(t), and the dis-
placement variables become the relative
displacements, Zi(t) - see Fig. 2.

Sp.•

Fig. I Spring-mass system with Fig. 2 -Conventional transformation of
displacement excitation of the Fig. I into a fixed-base-•
base system
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One can now proceed with a solu- The purpose of this paper is to
tion by modal analysis usini either the work out the consequences of the form-
acceleration time history, y(t), ulation of Fig. 3 in such a way that
directly or using the acceleration it can be easily incorporated into a
response spectrum A(w), which is asso- computer program and then to modify the
ciated with i(t). Since shock and formulation to permit the use of the
earthquake motion do not have repeat- complex stiffness model of hysteretic
able time histories but do have repeat- damping.
able shock spectra, it is the latter
method which is of general interest.
See reference [1] for a discussion of DETERMINATION OF RESPONSE
this method.

The equations of motion of the
However, it is possible to formu- system in Fig. 3 are:

late the problem of Fig. 1 as shown in
Fig. 3; with the base fixed, with only 0
the mass next to the base subjected to a
force equal to kny(t), and with the dis-
placement variables being the absolute hm.J{X} + [k]{X} = knY (1)
displacements, xi(t). All that is
required is to write the equation of
motion with respect to an observer atrest and move the term knY to the right-L

hand side of the nth equation.
Assume that the eigenvalue problem asso-
ciated with2 Eq. (1) has a spectral
matrix rtwiZ-J and a modal matrix
where

• •(•) ~to = 1 [{01) : {02 . {Or')

and {(i) is the ith eigenvector with
elements *r i r = 1 ....... n. It
will be assumed that the {Oi) are
normalized so that MAX [4r Ji - 1 for
each i. r ri

Orthogonality of the eigenvectors
requires that

T

[( • [|Tm..[(| = •M• (2)

whre (ilTl[ki(0l - !K ..J (3)
Sand

- 7 where Mi are the modal masses and Ki are
/ the mogal stiffness. It can be shown

Fig. 3 - Alternative transformation of that w a Ki/Mi.
Fig. 1 into a fixed-base system Consider the transformation of

coordinates

This formulation is not widely {X(t)) - [OlJq(t)) (4)

used because most dynamic analysis
computer programs will not accept it. Eq. (1) bem.

conventional formulation of Fig. 2;
e.g., in the seismic analysis of nuclearpower plant piping which is supported at rm.i.+(,() + kl* :1
many different elevations, it permits
the easy incorporation of distinct
motions at each support, see reference

12). premultiplying h Itw ! Tand uving 2ý and
(3) gives
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0 Equation (4) can be rewritten

-Mi-M {1) + hK.] .q.]IT j knY. (5) 1 Oi4r (9)

The acceleration of the rth dof in the

It can be shown that ith mode is therefore

0 (10)
01 n

If using Eq.- (8) d
kn ".'n

1 nI (Ma [Xrit = Or,i~ni A(ci) Kj (11)
t '-

i.e., a vector composed of the nth ele- For convenience, let
ment of each (t)l, Eq. (5) then become max [it - En (12)

4a4 q" t ( 2

2 q 2  Note that in going from Eq. (10) to
i+ [1Ki-] Eq. (11), the information about the

temporal relationships among the

Max 11 ri(t)) is lost. This loss of
q qnJ information requires that the exact

modal recombination rule, Eq. (4), be
replaced by an approximate modal recom-

1n~ bination rule.
#n,2 The most widely used recombination

k knY(t) rule among the many suggested is the
nSquare-Rot-of-the-Sum-of-the-Squares
(SRSS) rule. In the SRSS rule
a t,ni! n 2 1 / 2

which is equivalent to Ar 1 1 Rr'i] (13)

Miqi + Kiqi fn,i knY(t) where Ar is expected to be an approxi-

(6) mate measure of the maximum absolute
I - 1,2, .... n acceleration of mass point Mr when all

' 1 modes are excited by input yft). The

spring forces in mode i can be obtainedThe response spectrum is the maxi- from ••

mum response of an oscillator subjected

to a forcing function drawn from the tRr i - Rr+l, i
process of interest as a function of the F r k (14)
frequency of the oscillator. If the r -r2

response of interest is the absolute
acceleration, the acceleration response
spectrum is denoted by A(w) where w is and, if desired, they can also be com-

the frequency of the oscillator. bined by the SRSS rule.

If A(wi) equals t~x MQi(t)I where Equations (11) and (14) can be the
Qi(t) is thsolution basis for a computer solution of

Eq. (1) using the accleration response

MQ + KiQi = KAy(t) (7) spectrum associated with y(t). Of
course if A(w) is not specified, a
separate program will be necessary to

then linearity requires that compute A(w) from y(t) in accordance
kn with Eq. (7). The method encompassed

Max Cqi(t)1 - *n,iA(wi) y7 (a) by Eqs. (11) and (14) was developed to
t solve a multibranched dynamic model

which was attached to ground at several
where qi(t) in the solution to Eq. (6). places but had a displacement imposed

207

LaI



at only one attachment point. In the The question then becomes how to find
case of multiple, distinct inputs, it is ni for each mode.
better to generalize Eq. (1) as in Ref.
[2] and base the solution on the pre- Tc answer this question, first con-
scribed displacements. In either case, sider a single dof system subjected to
the above method is more suitable than sinusoidal forcing. The equation of
the conventional method, motion is

mX+kX-f (17)
EFFECT OF DAMPING

where
So far, the effect of damping has .•

been neglected. In lumped spring-mass f(t) = Re[feint]
models subjected to sinusoidal forcing,
hysteretic damping can be included by X(t) - Re[Xeiwt]
considering the spring stiffnesses to -
be complex, i.e.

k +Letting k - kR + ikI and defining the
-- kR + ikI (15) loss factor as n = kI/kR, Eq. (17)

becomes %
where (_) represents a complex number, f
( ) the real part of the complex m_ + kR('+'n)• - f (18)_
num;er, ( )I the imaginary part and --
i - ,C . This representation is a Now consider an ndof system with
mathematical convenience rather than a
physical reality ... as are, in fact, [k] - [k]R + i[k]1
complex numbers themselves. Hysteretic
damping is energy dissipation which isdampng i enegy dssiptionwhic isFor sinusoidal forcing, Eq. (1) becomes,.
independent of frequency and proportion- Fi
al to the square of the displacement.
As such, it is a much better predictor - + R{ {f)(19)
of the ability of metals and polymers
to dissipate energy than is linear where
viscous damping. 0o

Although Eq. (15) is the most 1
common way (it is not the only way) of {f) =kn
modeling hysteretic damping, it must be
used with caution when the forcing is
not sinusoidal. Its use for free vibra-
tion or multiple-frequency forcing (such
as a shock pulse) is open to question. and
Experience has indicated that reasonable i
results are obtained provided the exci- y(t) = Re[ye I
tation does not contain a strong DC-
component, e.g. an earthquake ground The generalization of Eq. (4) is
acceleration having zero mean value.

Shock response spectra are usually )
specified with damping as a parameter, where [(] is the (real) modal matrix
In using Eq. (11) one must select the derived from the undamped eigenvalue , 4
value of A(wi) for the appropriate damp- problem.
ing value. If damping is measured by
the loss factor n, Sqki (11) can be The above relation, along with
written EqS. (2) and (3) transform Eq. (19)

R - ~ t 0-n (6 it
Rr,i - ¢r,iln,tA(witfi) - (16) t'MiJ(4) + •Ki-]{_q + i[,]T~k 1 i[({g).

where are the mode shapes of the Mf}
Sundampe eigenvalue problem and Ki is

given by or, for the ith dof,

Ki - ,T[ki Mtj + Kiqi + i+ iT4[kli} - e)Tfi

(20)
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Now by comparison of Eq. (20) and Eq. REFERENCES
(18), a modal loss factor may be
defined as Ill Biggs, J.M. Introduction to

Structural Dynamics, Chapter 6,
(ýiT T (k] Mcýraw-Hill, 1964.
n } 1 (2[1) [2] Chan, A.W., Chen, C.H., and

R Mitchel, B.J. "Modal Dynamic

Analysis of Linear Elastic Systems

The above derivation assumes that the with Specified Displacement Time

damping is small so that no significant Histories," ASIIE paper 80-C2/PVP-91.

errors will arise from using the
undamped mode shapes.

Equation (21) can be written in
the equivalent form

= (kj)i(Oi,j ýij+l)
2

i n 21(22)2 n

Sj (kj)R (¢i j ý j l%

where (k )1 is the imaginary part of
the complex stiffness kj in Fig. 3 and
(kj)R is the real part. Now let (kj)I

= nj(kJ)R so that Eq. (22) becomes

n 2

j=l(kj)R(0ij -@i,j+l)2

Equation (23) is obvious from energy
consideration: the denominator is the
sum of the energies stored in each
spring in mode i and the numerator is
the sum of the energies dissipated in
mode i. As such, Eq. (23) is widely
used to estimate modal loss factors
since it can be justified on the basis
of intuition alone. The formal equiva-
lence between Eq. (23) and Eq. (21)
established that Eq. (23) is tantamount
to modal superposition using complex
stiffnesses.

CONCLUSIONS

This paper has discussed a
response spectrum method which is par-
ticularly suited for spring-mass
systems excited by one or more ground
displacements. It offers an alternative
to the conventional response spectrum
method which is best suited for a single
prescribed ground acceleration. The
paper also discusses how to incorporate
hysteretic damping via complex spring
stiffnesses.
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AN IMPROVED RECURSIVE FORMULA

FOR CALCULATING SHOCK RESPONSE SPECTRA

David 0. Smallwood
Sandia National Laboratories

Albuquerque, New Mexico 87185

Currently used recursive formulas for calculating the
shock response spectra are based on an impulse invariant
digital simulation of a single degree of freedom system.
This simulation can result in significant errors when
the natural frequencies are greater than 1/6 the sample
rate. It is shown that a ramp invariant simulation
results in a recursive filter with one additional filter
weight that can be used with good results over a broad
frequency range including natural frequencies which
exceed the sample rate.

NOMENCLATURE 6(t) - delta function; 6(t) I 1 for
t = 0, 6(t) - 0 elsewhere

x(t) - base input displacement of a
single-degree-of-freedom system dm - digital delta function; df - 1

y(t) = response displacement of a for m - 0, dm- 0 all oth r m

single-degree-of-freedom accel- SDOF = single degree of freedom
erat ion

u(t) - unit step function; u(t) - 1
x(t) - base input acceleration for t > 0, u(t) = 0 for t < 0

y(t) - response acceleration t - time

z(t) - relative displacement y(t) -
x(t) INTRODUCTION

= fraction of critical damping There are many ways to calculate
the shock response spectra. A popular

wn - natural frequency of a single- technique is to use a digital recursive
degree-of-freedom system, filter to simulate the single-degree-of-
rad/sec freedom (SDOF) system. The output of the

filter using a sampled input is assumed
s - complex variable to be a measure of the response of the

SDOF system.
H - transfer function

The response is then searched for
L[] - Laplace transform the maximum value. This process is then

repeated for each natural frequency of
L-1 [] - Inverse Laplace transform interest. Currently used filters exhibit

large errors when the natural frequency

Transform exceeds 1/6 the sample rate. This paper
S - z Tawill discuss the design of an improved

Z-1 . Inverse z transform filter which gives much better results
at the higher natural frequencies. The

W dampled natural frequency. companion problem of peak detection of
wd a_-7 asampled system will not be discussed in

Wnvl-t' this paper.

T - sample interval
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MODELS
Hn2s) (2)

Absolute acceleration model -- The s +2cw s+W;
absolute acceleration model is shown in n
Fig. 1.

If the relative displacement is expressed
in terms of an equivalent static acceler-
ation,

Yeq - zwn (3)

the transfer function becomes.

2Ž
Wn

H~s) -2(4)
Cs

The relative displacement model is used
"when the damage potential (perhaps the

Fi model stress in the support bracket) can be
Fig. 1 Absolute acceleration drelated to the relative displacement.

The equivalent static acceleration is
used to keep the input and response in

he input to the SF system is the base the same physical units. Both modelsacceleration. The response of the systM give H(0) - 1 and have the same denomi-
is the absolute acceleration of the mass. nator. Equations (1) and (4) will be
The transfer function of this system in referred to as the absolute acceleration
the complex Laplace domain is given by and the relative displacement models

2cwns• 2  respectively.

H(s) - (1)
s2+2 ns+ i SIMULATION OF CONTINUOUS SYSTEMS

Following Stearns [1] a digital
This is the model most frequently used in simulation will be compared with the
shock response spectra calculations. continuous system as outlined in Fig. 3.

Relative displacement model -- The
relative displacement model is shown in
Fig. 2. "" ""

_ 4t17t)+

M Fig. 3 Simulation of a Continuous System

SThe ou ut, yi , of the digital simula-
N tion, h(z), will be compared to tbe sampled

------ Joutput of the continuous system, y .If
the samle set - 0 for all m's the

Fig. 2 Relative displacement model simulation is said to be exact.

Impulse invariant simulations --

The input to the system is the absolute Stearns shows that if the input is an
acceleration of the base. The response of impulse, i.e.,
the system is the relative displacement
between the base and the mass. The trans- x(t) - 6(t),
fer function of this system is given by and dm - d
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the simulation the highest natural frequency. However,
the author does not believe that the
mechanism of the errors has been well

H0 (z) = TZ[L [H(s)]] (5) understood.

The errors can be explained using
is exact, the following argument. Consider, the

response to a square wave represented
The digital recursive filters given by two impulses. That is, the original

in [2] for the absolute acceleration and square wave is sampled. The function is
relative displacement models can be now represented by a series of scaled
derived from this formulation. The for- impulses at each sampling time. Note
mulas given in [2] are therefore said to that the sample rate is such that only
be impulse invariant. It can be shown two non-zero samples are observed. Set
(using superposition) that if the input is the natural frequency of the SDOF system
a series of scaled impulses the error of equal to one half the sample rate (see
simulation, Im, will be zero. This is Fig. 6).
true even though the impulses are not
band limited. Also H(s) need not be
band limited for the simulation to be
exact. In the case of a SDOF simula-
tion, the natural frequency can be equal oAPMo- ,
to or above the sampling frequency.

The shock response spectra of a lg,
.64 ms haversine was calculated (Fig. 4), 5
using an impulse invariant simulation of
the absolute acceleration model (eq. 6.96
in [2]). The correct shock spectra should * ,.
be almost a constant of 1.0 above a few
hundred Hz. Note the gradual decline in
the computed shock spectra to a minimum
at 1000 Hz (one half the sample rate) and
then an increase as 2000 Hz (the sample
rate) is approached. As a second example,
the shock spectra of an exponentially 0..
decaying sinusoid was calculated. The 0 100 1000
decaying sinusoid was modified to reduce
the velocity and displacement change [3].
The input acceleration time history sam- NATURAL FREQUENCY (HZ)
pled at 2000 samples/s is given by

Fig. 4 Shock Response Spectra of a 64 ms
Haversine with Unity Amplitude

X(t) - u(t)e' nWtsint+u(t+T)Ae'Vt snv(t+T), Sampled at 2000 Samples/Sec
"Using an Impulse Invariant Filter

where lot o, .

A - -0.1995

- .05
w 22r(100)

v - 2w(10)

T - -0.015757.

The shock spectra (Fig. 5) again shows '
the notch/peak at one half the sample
rate and at the sample rate. I

The errors cannot be blamed on the sam-
pling theorem as the input is reasonably ,..
well band limited. If the input is pro- ,, 10 lot 1o, 104

perly band limited, the response will be FREQUENCY HZ
band limited even if H(s) is not band
limited. The errors have long been Fig. 5 Shock Response Spectra of a 100
recognized and the recursive formulas Hz Decaying Sinusoid Sampled at
have not been recommended whenever the 2000 Samples/Sec Using an
sample rate was less than 5 or 6 times Impulse Invariant Filter

213

Z fZ'm



t t t

Fig. 6 Response to Two Impulses by a Single Degree of Freedom System

The solid line represents the response to b0+bz+b 2 z-2
the first impulse and the dashed line b)= (7 ,
represents the response to second impulse. R(z) - 1- 2

The total response will be the sum of the 1-2Cz'+E z
two curves. Clearly the total response
will be quite small except for the first wd -
half cycle of response due to the de-
structive interference of the two impulse E - e"WnT
responses. The actual response of the
system to a square wave will be larger K Tcd
than the response to two impulses. The C - E cos K
simulation of the square wave input by Es
two impulses is not very good in this S E sin K
example. This argument can be extended S' - S/K - E sin K/K
to more complicated waveforms simulated b 1-S'
by a series of impulses. In general, 0
using an impulse invariant simulation of bI 2(S'-C)
a SDOF system, a minimum in the observed b -
response will be found when the natural 2
frequency is near one half the samjple
rate due to the destructive interference Relative displacement model
of successive impulses. A maximum (con-
structive interference) will be found -1 -2
when the natural frequency is near b0 +b1 z +b2 z(8
the sample rate. H(z) - 1-2CZ+EZZZ(8)

Ramp invariant simulations [1] --
Let the input to the system be a general- -1 (2ý2 1)S
ized ramp function; b0 -=r1 2C(C-1) + + TW n]

1(t) - A.(t-mT).u(t-mT), b 2CT+2,lE2) 2(2c2 _l)S

i.e., a ramp with slope A beginning at n' n7
time t-mT. A ramp invariant simulation
can then be found from b2 - E2(Twn+2 )-2QC+ AM

2(z) 2z TL'i[ • (6)n N
These models can be converted into a
recursive formula of the form

Using superposition, an input composed
of straight lines connecting the sample (9)
points will then be an exact simulation. -m - b0om+blm-l+b2'm-2"alYm-l-a29m-2'

Eq. 6 yields (after much algebra)
the following formulas for the absolute where
acceleration and relative displacement
models, a1 - -2C,E2

Absolute acceleration model -- a2  E E

214 b0,blb2 as given above for the
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relative displacement model, b 2( + 2 (18)

and for the absolute accelera- b2 - -"w nT + (W (6

tion model.

The denominator has the same form as relative displacement model,

the impulse invariant simulations given 2
in [2]. b0 -(WT) /6 (19)

When the natural frequency is much 2
less than the sample rate the filter bI - 2(wnT)2/3 (20)
weights become nearly integers i.e.,

2 0 b2 - (wnT) 2/6 .(21)

a1 . -2 The ramp invariant filters have one
more weight than the impulse invariant

a 2  I. filters. (For the impulse invariant fil-
ters b2 -0). The additional weight
requires one more multiply add. Round

The output of the filter can be found more off errors can cause the filter to be
accurately if written in the form unstable when the natural frequency, wn,

is small and the damping, c, is zero.
This can be avoided by not using c

Ym 0 b0im+bl ml+b2m_'2+"m-l+(Ym-lYm-2) exactly zero when the natural frequency
is small compared to the sample rate.

-ajYmol-a•m.2 (10) For the proper calculation of the
residual shock response spectra, the
response must be calculated for a mini-

where mum of one full cycle after the input
has ended. The number of samples in one

a1 = a1 + 2 (11) cycle is the inverse of the non-dimen-
sional frequency, fnT. When fnT is small,

a= 2 - . (12) this can be a large number of samples.
An efficient way to avoid this problem
is to reduce the sample rate when calcu-

In this form lating the residual response for low
natural frequencies.

Ym - Ym-i + (smaller terms). (13) The shock response spectra for the
examples as in the impulse invariant
section were calculated using the ramp

Incidently, the formulas in [2] have the invariant model as shown in Figs. 7 and
same problem and can be improved by writ- 8. The spectra was computed with good
ing them in a similar form. When the accuracy over a non-dimensional fre-
natural frequency is much less than the quency range, fnT, f 10"4 to 2.0.
sample rate even double precision calcu-
lations will not yield accurate filter
weights. The following approximations CONCLUSIONS
derived from a power series expansion of
the formulas can then be used An efficient (requiring 5 multiply-

adds per sample point) recursive formula
2(WT)2(1.2ý2 ( for calculating the shock response spec-

aj ~ 2 •wnT+((14) tra has been derived. The formula will
give good results over a wide frequency

2 -(•nT2 range with a natural frequency of much
al - -2 nT + (15) less than the sample rate to many times

the sample rate. The only requirement
is that the input waveform is reasonably

absolute acceleration model well band limited to less than the
Nyquist frequency.

b0 ~ wnT + (wnT) 2 (. 22) (16)

b - 2 (wnT) 2( (1-1; 2) (17)
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Fig. 7 Shock Response Spectra of a 64 ms Haversine with
Unity Amplitude Sampled 2000 Samples/Sec using a
Ramp Invariant Filter

DAMPING 3%
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Fig. 8 Shock Response Spectra of a 100 Hz Decaying
Sinusoid Sampled at 2000 Samples/Sec Using a
Ramp Invariant Filter
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DISCUSSION

Mr. Rubin (The Aerospace Corp): Regard-
ing the residual matter that you just
described. An alternative procedure
would be to develop the response and its
first derivative at the last time of
your input function and then you can
predict what the peak will be and the
residual immediately. You don't have to
go through decimation or any further
calculations at all. All you have to do
is get the first derivative of the
response. It is an initial value
problem of free vibration and you can
get the answer.

Mr. Smallwood: I agree. It is an
alternate way to do It.
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A FINITE ELEMENT MODEL FOR FAILURE INITIATION IN

SHOCK LOADED STRUCTURAL MATERIALS

David W. Nicholson
Naval Surface Weapons Center

White Oak, Silver Spring, Maryland 20910

The present article reports the basic finite element equations
governing the response of a material described by a recently
published constitutive model for dynamically loaded ductile
structural materials. The main feature of the model is the
decomposition of the material response into rate sensitive flow
and damage processes. The finite element treatment is based on
several assumptions regarding the intraelement and interelement
distributions of the flow and damage strains. The derived
equations comprise a system of ordinary differential equations
in time, requiring the specification of nine material parameters.

INTRODUCTION (nucleation, growth and coalescence of
microvoids and microcracks). Three

In broad terms the work reported vector quantities with dimensions of
here concerns the prediction of displacement are to be determined by
structural failure under high dynamic numerically integrating the time-
loads, for example due to an explosive dependent governing finite element
attack on a ship. The common approach equations: the nodal displacement
has been to predict permanent vector 4 , the nodal flow parameter
structural deformation, using either Svector 0,and the nodal damage
empirical results or finite element v g,
structural analysis. Criteria based on parameter vector _. The governing
the deflection magnitude have then been
cited as grounds for anticipating the equations in finite element form are
rupture of the structural material. g- + (Kfg+ Kd gThe ultimate objective underlying the Mg- + fg dg -
present work is to predict directly the
onset and termination of the rupture = P + Kf + Kd
process. -g g--qgdgI

Unfortunately, classical fracture Y ( (2u
mechanics primarily concerns cata- -g = ' f (•g' -g)
strophic crack propagation in brittle
materials, and it does not genuinely - (2P + c
address fracture initiation in the fg
ductile structural materials used in
various marine applications. To
obviate this difficulty, we have form- ) t• r 1' (r ) (gc-
ulated a special constitutive model i d dg

[1]. Here we briefly describe the
model and we present the mathematics - (K + cd) 1)
for its implementation in a finite .-
element code.

More concretely, the constitutive Here Mg, Kfg, Kdg, 1f and 0g are
Moe ocrtey tecostttie matrices; P_ is the vector of external

model describes two rate-dependent
inelastic processes occurring in forces; and nf, f d' cf, Cd# K and u are
ductile structural materials: flow
(plastic deformation) and damage positive material constants. The major %
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thrust of this paper is simply to for c.. the stress, 6ij the Kronecker
sketch the derivation of the governing 1) -.equations. tensor, and U and X the Lame'coefficients.

A finite element code applying the C
constitutive model to a rapidly loaded Continuing, in Eq. 1, sij and s
simply supported circular plate is are the deviatoric and isotropic
currently being written and we expect (hydrostatic) stresses; $f, *d' Ff and
to report computational results shortly. F are positive material functions;
In this report, the present paper ad are positive materiald
describes work in progress. nd# k and k are positive material

CONSTITUTIVE MODEL constants; and the symbols < • > are
defined by

As discussed in Ref. 1, under high if > 0
loads ductile structural materials
experience two inelastic processes: < > =
(a) flow, otherwise called plastic 0 if <0
deformation, and (b) damage, comprising
the nucleation, growth and coalescence
of microvoids and microcracks. Further, The constitutive model embodies
both of these processes are dynamic in several features.
the sense that they are delayed
(retarded). The appearance of a crack 1. Inelastic strains are used as
of significant size, representing the measures of flow and damage.
initiation phase of (macroscopic)
fracture,corresponds to the accumulation 2. Flow is a deviatoric (hence
of damage to a critical level, volume conserving) process controlled

by the deviatoric stress.
The governing equations are given d

as follows. 3. Damage is an isotropic
(dilatational) process controlled by

f f f -Ff the isotropic stress.
eij f < *f (Ff - kf) > f (1.1)

1)4. Flow and damage are uncoupled.

5. The dynamic (retarded) nature
ef = 0 (1.2) of thr flow and damage processes is

accommodated by using rate equations
with viscosity coefficients nf and nd-

*d < fd (Fd - k > ) (1.3) 6. Threshold conditions, analogous

to yield conditions, are used to govern
the onset and termination of flow and

d damage.
j =0 (1.4) 7. The fact that nf and nd are

f ef positive goes a long way to ensuring
Here eij and e are the deviatoric that both flow and damage are

(shear) and isotropic parts of the flow dissipative processes.

strain c Similarly, e ij and e Simply speaking, the damage
are the deviatoric and igotropic parts measure ed represents the relative
of the damage strain . The total microvoid and microcrack volume. A
strain is the sum of the flow strain, macroscopic fracture initiation
the damage strain and the elastic criterion is introduced in Ref. 1 based

stran, hic is ive interm ofthe on damage strain accumulation to astrain, which isoe ve. inFtrmsl ofcritical level. Formally,

stress by Hooke's law. Formally
max [ed] > e* N

i ij + Ei (2)
where x refers to points in the body

where under study.

a -2' e+ , E 6iij i kk ij
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FINITE ELEMENT FORMULATION a = A(e) where a = {axx ayy xy }T.

A. E uation of Equilibrium of an An approximation for the stress is now
El ement given by

For simplicity of illustration, we a = A(E) (3.3)
study the plane triangle shown in Fig. - - -
1 and assume that the displacements ux For equilibrium of the element, the

and u y are distributed linearly in the principle of virtual work may be stated

element. Our argument follows the in terms of true quantities as
presentation of Ref. 2. Extension to fT fT T
more elaborate elements and displace- /oTiu6V + = 6udV
ment models is straightforward, P P
although frequently tedious. V V S

We introduce the nodal displacement Here, V is the element volume and S its
vector C for the element under study surface area, T is the traction applied

to the element boundary, p is the mass
density, 6(-) is the variational

x operator, and the superposed dot denotes %

u(1) differentiation with respect to time. %

Y
We assume this principle also

u(2) applies to the approximate quantities:
ux f'r..TJ(2) u dV + J6dV 65dS (3.4)

V V S f.

u(3) Hereafter the overbars designating the
y approximations will not be displayed.

Upon substituting (3.1) into (3.4)
The displacement vector u = {u u T the inertial term becomes CT M6 where Mis no appoximaed acordig tois the consistent mass matrix given by •'
is now approximated according to

u % u = DC (31 M = fC
V

where C is a constant matrix and D
depends on x and y within the element, Similarly, the forcing term becomes
and where the superscript T denotes the T ete," tranpose, T6t where P is the consistent load -

* transpose.* vector given by

Using the usual kinematic
relations, the strain =

E ={xx Cyy xyT may be written as -

c = B'*u But the second right hand term
requires the use of the constitutive .5

where B' may be called the kinematic model, as discussed in the next section.

operator. Applying B' to u, we obtain B. Application of the Constitutive S.

an approximate strain T according to Model

We first write a and E in deviatoric

SF= B'*u = BC • (3.2) and isotropic components is

a = s + so c + e = eO 'p

Here B is a matrix possibly depending
on x and y (although not in this case).

where 6 is the vectorial counterpart of
Suppose now that the constitutive the Kronecker tensor. Elementary

relation is manipulation leads to
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aT 6 - aT6e + 3s6e The matrix Ke - Kf + Dd is nothing but

the ordinary stiffness matrix of linear
From the constitutive model elasticity.

s -2(e - eA) s - c(e - e ) The equilibrium equation for the
element under study is now

where K - 2u + 3A is the bulk modulus. NZ + (K + Kd)C = P + Kf B + K (5)

Consequently, f- -- fd-

OT =- 2 ueT 5 e + 3Ke6e In the next section we apply the

JdfT constitutive model to derive equations
- 2_e 6e - 3ge de. (4.1) governing A and y.

By decomposing the kinematic operator C. Constitutive Equations in Finite

in (3.2), we may find a matrix Bo and a Element Form

vector b such that For simplicity of illustration, we
use the constitutive relations

0 BoC (4.2) ;f - nf < 1 - kf/Ff > (s - cftf) (6.1)

e = TC t (4.3)

Ff= [(s - cff)T s _ cfet) 1/2] (6.2)

We now make a most important
assumption, which we call the
consistent inelastic assumption. d < 1 e d) (6.3)

Namely, we assume that ef and ed are =nd lk/Fd> (scd
distributed throughout fhe element in
the same fashion as the corresponding
parts of the total strain vector. Hence F[(s cde)2 1/21

f=C (4) Fd = (s- Cd) '1(6.4)ef . B 0 C 1(4.4)

The flow relations (6.1, 6.2) comprise
the Hohenemser-Prager viscoplasticity

ed bT( model with linear kinematic hardening
[3]. Evidently, the relations (6.3,
6.4) are the counterparts for damage.

in terms of new unknown vectors 0 and Recare th at
y, hereafter called the flow and-damage Recalling that
parameters. It now follows that f

s = 2P(e - ef)
fa eddV CTK 6., + CT K5f

V e = BoCa

-~~ BTcf6
with e=BCU

we introduce the vector f by

V Tf = 2U w - (2P + cfPa

It follows that

Kd - 3K fcTb*bTcdv,{b*bThij - bibj. BCB - nf < 1 - kf/Ff > BoCLf.

Using integration over the volume of

the element, we find
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B" -f K - Lf (_f (7.1) sharing it is equal to the force
f fapplied externally at the node.

where The global equilibrium equation now

Lf 2f 1 k /Ff CTB0 TB0CdV (7.2) takes on the form

V Mg t + ( K + Kdgi

For the sake of simplicity, we + K
approximate F f as follows: -q fq -'g +dg 19

I Ft 2d11/2 where the subscript g stands for
F =u --m F global. In reality, it is seldom

V necessary to assemble the global system
(7.3) matrices explicitly.

= T 1f /2 VI1/2 A difficulty arises in stating the
f K f *f/2J global form of the constitutive

equations. In particular, in their
present form the element constitutive

of course, numerical integration in equations (7.4) and (7.5) are not
(7.2) usually poses no problem. necessarily consistent with the
Substituting Ff into (7.2) we find requirement (1) for nodal continuity of

B and Y. To obviate this difficulty
we use nodal averages over the elements

Lf = < - kf/Ff > Kf sharing a node. For elements e we
rewrite (7.4, 7.5) as

and (7.1) becomes e = f2i - (2v + cf)_)

B= if < I - kf/Ff > (2p _ - 2 +cf)

(7.4) (- (k • - (k + cd)Y_)

By similar reasoning, for y we may At node n introduce
derive

- <n =1 >
vd <1-k/F> (K+ c-( +c Y) f 'Fe f

(7.5)

[.dT Kd V/2 n 1 e
'rd - [*d Od/3 f ee

where ne is the number of elements

=Csharing node n and summation is taken
over these elements sharing node n.

D. Global Equations The quantities *f and d can now

The previous sections concerned be assembled into global matrices 0f
equilibrium of a given element. Here and 0d' to yield global constitutive
we consider equilibrium of a collection equations in the form
of elements. The element equations of
equilibrium may be combined into a
global equilibrium equation using two - (21 - + cf) (8.2)
rulesi 4g f fg

1. the elements sharing a node
have the same values of _, B and I at d -( (K +(8.3)
that node; ig -d ig + (8.3))

2. the vector sum of forces
exerted at a node by the elements
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The material parameters to be
specified are: V, K, f nd, Cf, Cd,

k , kd and p

CONCLUSION

The present article formulates the
mathematics underlying the finite
element implementation of a constitu-
tive model for fracture initiation in
dynamically loaded ductile structural
materials. One-of the main features of
the model is that it decomposes the
material response into (uncoupled) flow
and damage processes. The basic step
in the finite element implementation is
the consistent inelastic assumption in
which the flow and damage strains are
approximated in the same manner as the
corresponding parts of the total
strain. A nodal continuity requirement
is imposed on the flow and damage
parameters introduced by the constitu-
tive inelastic assumption. The
governing equations in finite element
form, comprising a system oW ordinary
differential equations in time, are
given by Eqs. 8.1, 8.2 and 8.3. A
special purpose finite element code
embodying the constitutive model is in
preparation and it should soon lead to
illustrative calculations on the
deformation and rupture of a rapidly
loaded simply supported circular plate.
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DISCUSSION
Mr. Pakstys: Do you have in mind sane

Voice: Could you describe what kind of procedures for getting solutions?
an experiment you would do so that you
could decompose the incremental stiff- Hr. Nicholson: Yes, I don't believe
ness into the damage and flow properties there is any basic problem with
that you need to essentially fit the integrating these equations. That is
parameters in your equation? not typical of large systems which are

also non-linear.
Mr. Nicholson: I believe that the most
likely method for doing that is to use Hr. Pakstys: You would just be marching
the flat plate impact test results from In time?
Sandia or some place and attempt to back
the stiffness matrices out of the actual Mr. Nicholson: That is right. It is
measurements up to point of spall. There just going to be marching in time. I
have been substantial numbers of tests hope I can get avay with a primarily
at Sandia where flyer plates have struck explicit method but I haven't succeeded
each other causing a spalling process yet.
and some of these tests have gone short
of the threshold of spalling. That is Mr. Pakstys: So you are planning an
what you particularly want to look at. explicit method?
There have been examinations of the
interior of these plates where void Mr. Nicholson: Well I did try the
nucleation and growth was quite exten- Adaus-Moulton and the Adams-Bashamith
sive. So here we have a situation of type methods.
damage short of the event of coalescence
and that is really what we have to Mr. Pakstys: Have you tried it on one
examine. There have been empirically dimensional problems?
minded studies of that problem by
Shockley, Seaman and others. I hope to Mr. Pakstys: You haven't even tried it?
take advantage of the more adhoc treat-
ment of the data that these people have Mr. Nicholson: Right, but the Adams
to see If I can state what the flow and Bashworth method seemed to introduce
damage stiffness matrices should be. instabilities and I think it was just a

bad choice. I am attempting to prove
Mr. Paketys (General Dynamics-Electric the method I am using.
Boat): Were your second and third set
of matrix equations non-linear?

Mr. Nicholson: They were mildly non-
linear.
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STUDY OF PENETRATION FORCES FOR SUPERSONIC WARHEAD DESIGNS

R. Hassett, J. C. S. Yang*, J. Richardson and H. Walpert

Naval Surface Weapons Center
Silver Spring, Maryland 20910

The purpose of this study was to generate penetration forces to evaluate
several preliminary warheads designed to survive severe transient loading
conditions at velocities up to 762 mps into water, ship targets, and a wide
variety of land targets. A preliminary investigation into each of these
mediums was conducted to determine which target medium presented the most
difficult applied loading conditions to the warhead structure.

Results were obtained using various methods both analytical and semi-
empirical for the expected range of peak deceleration loads experienced
by the warhead as it penetrates water, earth and hull targets. The range
in magnitude of the deceleration is large because it covers the wide range
in diameters, weights, target materials and velocities under consideration.
The ship hull penetration provides the most severe loading and therefore
was selected as the design criteria for the warheads.

INTRODUCTION

The warhead must be designed to survive nose (typically 0.6 times the maximum diameter
severe transient loading conditions at veloci- of the warhead), weighed 226.8 or 317.5 kilo-
ties up to 762 mps into water, ship targets, grams, measured up to 152.4 centimeters in
and a wide variety of land targets. A preli- length and between 30.48 and 40.64 centimeters
minary investigation into each of these mediums in diameter (see Fig. 1). Two materials were
was conducted to determine which target medium used, AISI 4340 Steel and Titanium 64. Termi-
presented the most difficult applied loading nal velocities considered were 457 and 762
conditions to the warhead structure. The war- meters per second.
heads considered were all designed with a blunt

1.6 CAL WEE
60% ELM NrSE V|
NNInE16 EXPLSUVE .6.5 1 -

WEIIT: in6.? A 317.6 16 VITAL
MATERIALS: 4348 STEEL a& 4 TffAE L

MNUIIIS: 4W CM 5 x L AS 1S.4CM C

L

Figure 1: Warhead Design Features

Consultant, Professor, Mechanical Engineering Dept., University of Maryland, College Park, MD 20742
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Various methods, both analytical and semi- WATER-ENTRY LOADS
empirical, were used to determine the penetra-

tion loads on water, earth and ship targets. Considerable empirical data are available
in the literature regarding transient forces

* Water entry loads were obtained by on flat disks during water entry (see Refs. 1

analyzing the transient forces on flat disks and 2). This data is applicable to all warhead
during water entry. The resulting cavity from configurations which have blunt nose similar
the blunt nose warhead is such that it, in to those in this study. The resulting cavity
essence, appears to be a flat disk as far as the from this blunt nose is such that it in essence
water forces are concerned since the cavity appears to be a flat disk as far as the water
clears the rest of the warhead. forces are concerned since the cavity clears

the rest of the warhead.
* Earth penetration loads were obtained

initially by using some simplified assumptions The behavior of drag coefficient for disks
and empirical results from various experimental during water-entry is illustrated in Fig. 2-a
tests which were compared to the results ob- as a function of penetration distance and entry
tamned using the PENCO computer code. The PENCO angle (e) off the horizontal. It is the sum
computer code was developed by R. S. Bernard total of the steady-state drag coefficient which :5•

and D. C. Creighton, U.S. Army Engineer.Water- increases to a constant value as the nose be-
ways Experiment Station, Vicksburg, Miss. comes wetted and a transient term resulting from

virtual mass behavior and effects. The peak
* Ship penetration loads were obtained drag coefficient as a function of (e) has been ,'

using the DEFORM ballistic penetrator deforma- plotted in Fig. 2-b. The peak axial drag force
tion model developed by Mr. Rodney Recht of the can be expressed as:
Denver Research Institute. This model is based FDIA - h C A 2

on empirical data and DEFORM is a subroutine of D-4AX
the SPM (Ship Penetration Model) used at the
David Taylor Naval Ship Research and Develop- where
ment Center, Carderock, Maryland. 'wedni

P - water density

Results were obtained for the expected
range of peak deceleration loads experienced by A - area of blunt nose
the warhead as it penetrates water, earth and
hull targets. The range in magnitude of the
deceleration is large because it covers the Vo a entry velocity
wide range In diameters, weights, materials and
velocities under consideration. The ship hull
penetration provides the most severe loading The peak loads and deceleration are given
and therefore was selected as the design cri- in Table 1 for a variety of conditions being
teria for the warheads. considered.

ONK-CYLOWUMKCSLUUmIK.CYLI~ STIEAOY.TAllE UAJ'EM

AND TRAIMhI COE6 F CT$,

,e U

I U

6 0.4 U 12 1Jii.

PEN TM A ICNUWM/MMT1I) SIT 8)

(6)

Figure 2: Drag Coefficients for Water Entry
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Table 1

Peak Water-Entry Loads

WEIGHT VELOCITY NOSE DIA ENTRY CDMAX FDMAX2 OMAX

(KGQ) II/SECI (CMI ANGLE (N 10 DYNES) 4G')
IDEGREES)

226.8 467.3 2.44 10 0.9164 4.9 2167
30 1.327 6.7 3000
s0 2.401 12.5 5637

M62.2 2.44 10 0.964 13.8 sill
30 1.327 19.1 1600
s 2.401 36.6 16933

317.5 467.3 2.44 10 0.964 4.9 1571
30 1.327 6.7 2111
s0 2.401 12.5 4067

762.2 2.44 1o 0.964 13.8 4429
30 1.327 19.1 6143
s0 2.401 36.6 11429

NOTES 1. CDMAX - COS + CDT
"- 0.73 + 0.93 TAN 0

2. FMAX 1/2 P(CoMAX) AV2

EARTH-PENETRATION LOADS The coefficients A, B, C, D, E depend on
the target material properties, the penetrator

Theoretical investigations into projectile geometry and the interaction parameters between
impacts with earth-type targets are usually penetrator and target material.
macroscopic penetration studies. The technique
used is to assume an equation of motion for Once the mathematical model has been assum-
the projectile. The constants in this equation ed, it is necessary to solve the equation and to
are determined by integrating and maximizing express the depth of penetration, D0 in terms
the resulting distance equation to yield a of the impact velocity, V , by substituting the
penetration depth. Expressing the penetration proper boundary condition?:
depth in terms of impact velocity yields an dZ .
equation which can be fitted to experimentally when t 00 : - V =0
gathered data. dZ

A generalized equation of motion could be op Z 0

written in the following form: Some of the prediction techniques which

d2  dZ dZ ,dZ 2 predominantly depend on experimental penetration- Z A+8 + CZ4DZ + E data for the evaluation of the constants are
dt t given in Table 2, with the equations for the

where Z is the distance along the penetration depth of penetration. Evaluation of the con-
path. stants used and further details may be found in

Refs. 3 and 4.
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Table 2

Earth Penetration Loads

U-d
,-6Z -.A+I ,LZ

"4 _

K 'n "(i+ i',

1dt ./ele ÷ e()S-- iT i~Vg

lI =Ai

cal-

-UPi., .A+S~ j

ZEU>S/I A ~ g-

- AL- I~

-AVILI

The equations of penetration were solved the validity of the subsequent PENCO penetra-U

to provide the velocity and acceleration as tion analysts. The PENCO compute code was
a function of time (see Table 3). Typical selected as the balseline aethod for determining-
constant values were used in these calculations deceleration loading.

and the results were used as inputs to check on

dtt
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Table 3

Penetration Equatton Solutions

da1

m1O1INS-EULER:- " V1 - A

-s-A

v -•/- A l6 • v -

V -- A A ievI _XlVR -0PONCELET:ON " Ia

a -- A t WAI +fue2J4V6 %/UA-, -UiI
V - Vo/41 + *V9)

a - - vo•0l/1 + PVe) 2 FOR A -0

PETRY: - E- . + (di 0
Id,

V- 141J5trItan4 Vo._ - 14lsiti

141.5

dzl di .s 'V
MIAL.-- §ý +1 I

v-$l.ot..1 -iEi- WHiI.¢- a. -

a = -061, *I1 "EL 1-,1 tn+ E 1it + *)-"1 )

PENCO: COMPUTER CODE and integration time step size. The output is "a

transmitted to an external time history output
Program PENCO analyzes the normal Impact file and includes the projectile's instantaneous

and penetration of rigid axisynmetric projec- velocity, depth, and deceleration, along with
tiles into layered targets. The projectile the maximum cavity diameter, at selected points
penetration theory used in the PENCO computer In time between problem initialization and
code for the earth materials is based on an problem completion.
analogy with the expansion of a spherical
cavity In a Nohr-Coulomb material. The form PENCO: RESULTS
of the projectile equation of motion is pos-
tulated In accord with empirical observations. Projectile penetration studies were con-
Nawever, the force coefficients are obtained ducted on seven warhead designs using the PENCO
directly from the cavity expansion analysis computer code for two sets of impact velocities,
and are expressed In terms of standard engineer- 762 mps and 457 mps. The warhead designs vary
Ing properties. The theory Is used to make a in material, steel and titanium, dimension and
number of after-the-fact calculations which weight.are compared with full-scale test results.

In the PENCO computer analysis, the projec-
PENCO uses this theory and Incorporates tiles are modeled as biconic penetrators (see

a simple Newtonian Integration scheme to solve Fig. 3). The blunt nose is obtained by setting
the projectile equation of motion. The code the hel f angle of the nose equal to 90 degrees.
requires inputs describing the penetrator, The ogive section of the penetrator Is approxi-
Impact velocity, target material properties meted by a conical section with a straight line
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drawn from the edge of the blunt nose to a point I - Rigidity index =50
tangential to the profile of the penetrator.
This is a reasonable estimation since the cavity #I a 2 30 degrees
expansion is not affected by the excavation
behind the blunt nose. The parameters which aC6 m2
describe the different projectiles are pre- C1 * 2 - 1.38 x 10 dynes/c
sented in Table 4. The properties of the soil
used are given below:

p - Target mass density - 1.5 gm/cm 3  amx Locking strain =0.1

K - Effective bulk modulus =

5 x 108 dynes/cm2

IIiM irn

mum PETRATE a /

Fiu e 3

Biconic Penetrator

Table 4

Penetrator Parameters

MATERIAL DIMENSION WEIGHT Ll L2  DI D2 17, 712 *Smn'7

4CM) 1140) (CM) 1CUI 4CM) 1CM) (DEG) I010)

STEEL 40.44.x66.22 222.26 64.66 23.06 22.66 26.18 90 14.64 0.56

STEEL 40.64x8. 6.16 212.98 41.11 21.40 23.92 26.66 90 16.21 0.55

STEEL 40604 x62.17 212.96 41.27 21.40 24.16 26.02 90 16.32 0.16

STEEL 30.67 x 112.4 21712 22.20 16.92 18.42 28,86 So 15.46 0157

STEEL 2.9.6 z 112.4 317152 27.21 16.30 17.2? 23.46 90 17.53 0.64

TITANIUIM 20.22.x 162A 226*0 22.30 20.32 17.27 27.04 36 14.71 0.14

TITANIUM 126.63 x 1124 226.90 1265312 11.36 16.932 26.40 369 16.63 0.16

*SM_ 7 D_ _ _ _ -1i 17 -4 2 -_ 
-

2

D2 1A 2
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Results from the PENCO computer analysis on
the maximum deceleration and penetration depth
are summarized in Table 5.

Table 5

PENCO Analysis Results for Maximum Penetration and Deceleration

WARHEAD WARHEAD WARHEAD MAX MAX 1
MATERIAL DIMENSION WEIGHT DECELERATION PENETRATION

(CM) (Kai (GV 1; CM?

Vo - 457.3 MPS

STEEL 40.64 x 66.22 222.2 1421 1015

STEEL 40.64 x WAS 312.9 1167 1211

STEEL 40.64 x 9357 312.9 1186 1193

STEEL 30.87 x 152.4 317.5 673 1944

STEEL 29.93 x 152.4 317.5 w86 1o2

TITANIUM 23.23 x 152A 226.A a 1561

TITANIUM 28.63 x 152A 226.8 776 1718

Vo - 762.2 MPS

STEEL 40.64 x 36.22 222.2 2264 1742

STEEL 40.64 x 0.S9 312.9 1569 2064

STEEL 40.64 x 0337 312.8 1890 2036

STEEL 30.87 x 152.4 317.5 1101 3275

STEEL 29.93 x 152A 317.5 1138 3107

TITANIUM 2.23 x 162.4 226.6 1381 2675

TITANIUM 28.63 x 162.4 226.8 1251 2905

TARGET PENETRATION LOADS will develop a shear plug during penetration
of the plate with peak impact proportional

DEFORM: COMPUTER CODE to the mass of the plug. The worst case situa-
tion for the target In Fig. 4 would then be the

The DEFORM subroutine from the Ship Vulner- section of the target where the reinforcing
ability Model (SVM/D) program developed by the members cross and present the largest mass
David Taylor Naval Ship Research and Develop- resistance. The mass of this plug was deter-
ment Center (DTNSRDC) and the Denver Research mined to be equivalent to a uniform plate
Institute (DRI) was used to analyze these thickness of 3.175 cm which was then used in
designs for ship target penetration capability, these calculations.
The representative ship target illustrated in
Fig. 4 consists of a 1.905 cm thick HY80 plate %
reinforced by a T-beam and angle member welded
cross-ways on the back of the plate. Composite
targets such as this are modeled in DEFORM
as isotropic infinite flat plates of finite
thickness. Extensive semi-analytical and
empirical studies conducted at DRI indicate
that blunt nose shapes at high velocities
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WEB FRAMES
,IMPTS

"• |

1.22 M " .

gII

TARGET CHARACTERISTICS 4.27 M

PLATE 1.905 CM THICK PLT

STRINGER 12.7 CM x 3.81 CM x 0.635 CM
(STIFFENER) ANGLE

WEB FRAME TEE BEAM
22.66 CM x 1.586 CM WEB
15.25 CM x 1.568 CM FLANGE

Figure 4

Standard Target J,

The DEFORM code evaluates stresses and conditions after penetration. Gross deforma-
strains in the casing wall at some arbitrary tions can be expected if the predicted strains
(selected) station, the explosive carried by are 0.25 cm/cm or higher. Functional behavior
the projectile and the bond (shear stress) of the penetrator may be impaired when the pre-
between casing and explosive. The model will dicted strains are above 0.03 cm/cm. A moderate
consider any nose shape which is axisymmetric amount of deformation of the walls can also be
(or can be represented by an axisymmetric expected at strains above 0.10 cm/cm. Strains
shape). The penetrator deformation model will of 0.02 cm/cm or less correspond to ballistic
predict stresses and plastic strains (due to penetrators with little or no damage due to
combined axial and flexural impact loading) plate penetration. Thus, by designing to a
in the penetrators. The model also evaluates certain strain level, the designer can choose
the maximum g-loading experienced by the pene- an acceptable damage level for a particular
trator. application.

The model is empirical. It is based on It should be noted that stresses and
actual tests of 40MR, and 8 inch projectiles, strains due to axial loading are invalid aft
and Mk 82 bombs. The DEFORM model first pre- of the station at which maximum deformation
dicts the strain based on velocity, plate thick- occurs. Aft of this point the loads in the war-
ness, diameter and shape of similar 4044 or 8 head will be lower than those predicted by the
inch projectiles or Mk 82 bombs. The results model. This is due to the shock mitigation
are then scales up to fit the penetrator in (energy absorbed) by the projectile while being
question. The stresses and forces are then deformed.
derived from the strain and other geometric
and material properties of the projectile. The model evaluates the maximum value of
The stresses and loads predicted may be less the resisting force and considers it to be
accurate since they are deduced from the acting at a specific location near the nose;
strain. This is why the strain prediction is it does not define force magnitude and location
used as the main criterion for design purposes, as a function of time. Hence, in the immediate

vicinity of the nose, the model is not capable %:N ,•,
The strain predictions are correlated with of defining bending moments accurately; at

certain general descriptions of warhead stations farther aft this is not a problem.
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Fortunately, bending moments are minimal near penetrator plate is significantly higher than
the nose (where axial loading is maximal) and the load when the ogive section impacts the
prediction accuracy does not suffer greatly. hull berause the material will petal. Also K

since these loads do not occur simultaneously,
The DEFORM Code provides for modeling a this was considered a realistic design approach.

full diameter flat blunt nose or a conical
nose but it is not possible to describe the The material property inputs to the DEFOI1M
subcalibre flat blunt followed by an ogive code are given for the titanium and steel war-
used as the warhead shape. To get around heads in Table 6. The final configuration for
this, the warhead was input to DEFORM as if it the steel warheads used a maximum strain of
were the same diameter as the blunt penetrator 0.02 cm/cm as the design criteria. The titanium
plate for purposes of calculating loads. The warhead used 0.01 cm/cm/ These values present
plugging load during hull penetration with the reasonable structural deformations based on

extensive data obtained by DRI.

Table 6

Material Properties Input Into
DEFORM '.1

STEEL TITANIUM EXPLOSIVE
PROPERTY AISI4340 64 (4% AL. 4%Va) POXN-103

DENSITY 7.834 GM/CM 3  
4.706 GM/CM 

3  1.85 GM/CM 3

YOUNG'S MODULUS 2.07 x 1012 DYNES/CM 
2  1.103 x 1012 OYNES/CM

2  0.689 x 1012 DYNES/CM
2

POISSON'S RATIO 0.19

DYNAMIC YIELD - 1.476 x 10
4 

KG/CM 
2  1.406 x104 KG/CM•2

(COMPRESSION) ,

WORK4-ARDENING 1.828 x 10 4 KG/CM 
2  1.624 x 104 KG/CM

2

COEF

ULTIMATE STRENGTH 1.125 x 104 KG/CM
2  1.09 x 10

4
KG/CM 2

SHEAR STRENGTH OF 6.0 x 106 DYNES/CM 2

METAL-EXPLOSIVE
BOND %

HARDNESS *TARGET

240

TARGET THICKNESS 1.00 CM

* COMPUTED FROM DYNAMIC YIELD AND WORK-HARDENING COEF.
"DEFORM HAS VALUE FOR STEEL INTERNAL TO CODE
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SUWMARY and velocity under consideration, and for the
case of earth penetration it covers the varia-

The expected range of peak deceleration tion due to the different theories applied. A
loads experienced by the warhead as it pene- Of the cases analyzed, the ship hull penetration
trates water, earth and hull targets are sum- provided the most severe loading condition.
marized in Table 7. The methods used to deter- Thus, the hull penetration load was selected as
mine these loads were described in the pre- the design criteria for the warheads.
ceding sections of this report. The range in
magnitude of the deceleration is so large
because it covers the range in diameter, weight

Table 7

Penetration Studies

PEAK DECELERATION
MEDIUM BASIS OF STUDY (G1S)

Ve (MPS)
457.3 762.2

WATER EMPIRICAL (300 IMPACT ANGLE) 2200.3000 6140-8500

SOIL SEMI-ANALYTIC 1450-8680 28110- 17300

ANALYTIC 670-1420 1100-2260

SHIP TARGET EMPIRICAL 13000 - 30000
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